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ABSTRACT 

We present high-quality ground-based spectroscopic observations of 54 supergiant 
H II regions in 50 low-metallicity blue compact galaxies with oxygen abundances 12 
+ log O/H between 7.1 and 8.3. We use the data to determine abundances for the 
elements N, O, Ne, S, Ar and Fe. We also analyze Hubble Space Telescope (HST) Faint 
Object Spectrograph archival spectra of 10 supergiant H II regions to derive C and Si 
abundances in a subsample of 7 BCGs. The main result of the present study is that 
none of the heavy element-to-oxygen abundance ratios studied here (C/O, N/O, Ne/O, 
Si/O, S/O, Ar/O, Fe/O) depend on oxygen abundance for BCGs with 12 + log O/H < 
7.6 (Z < Zq/20). This constancy implies that all these heavy elements have a primary 
origin and are produced by the same massive (M > 10 M & ) stars responsible for O 
production. The dispersion of the C/O and N/O ratios in these galaxies is found to be 
remarkably small, being only ± 0.03 dex and ± 0.02 dex respectively. This very small 
dispersion is strong evidence against any time-delayed production of C and primary 
N in the lowest-metallicity BCGs (secondary N production is negligible at these low 
metallicities). The absence of a time-delayed production of C and N is consistent with 
the scenario that galaxies with 12 + log O/H < 7.6 are undergoing now their first burst 
of star formation, and that they are therefore young, with ages not exceeding 40 Myr. If 
very low metallicities BCGs are indeed young, this would argue against the commonly 
held belief that C and N are produced by intermediate- mass (3 M Q < M < 9 M ) stars 
at very low metallicities, as these stars would not have yet completed their evolution in 
these lowest metallicity galaxies. In higher metallicity BCGs (7.6 < 12 + log O/H < 
8.2), the Ne/O, Si/O, S/O, Ar/O and Fe/O abundance ratios retain the same constant 
value they had at lower metallicities. By contrast, there is an increase of the C/O and 
N/O ratios along with their dispersions at a given O. We interpret this increase as due to 
the additional contribution of C and primary N production in intermediate-mass stars, 
on top of that by high-mass stars. The above results lead to the following timeline for 



galaxy evolution: a) all objects with 12 + log O/H < 7.6 began to form stars less than 
40 Myr ago; b) after 40 Myr, all galaxies have evolved so that 12 + log O/H > 7.6; 
c) by the time intermediate-mass stars have evolved and released their nucleosynthetic 
products (100-500 Myr), all galaxies have become enriched to 7.6 < 12 + log O/H < 
8.2. The delayed release of primary N at these metallicities greatly increase the scatter 
in the N/O abundance ratio; d) later, when galaxies get enriched to 12 + log O/H > 
8.2, secondary N production becomes important. 

BCGs show the same O/Fe overabundance with respect to the Sun (~ 0.4 dex) as 
galactic halo stars, suggesting the same chemical enrichment history. We compare heavy 
elements yields derived from the observed abundance ratios with theoretical yields for 
massive stars and find general good agreement. However, the theoretical models are 
unable to reproduce the observed N/O and Fe/O abundance ratios. Further theoreti- 
cal developments are necessary, in particular to solve the problem of primary nitrogen 
production in low-metallicity massive stars. 

We discuss the apparent discrepancy between the N/O abundance ratios measured 
in BCGs and those in high-redshift damped Lya galaxies, which are up to one order of 
magnitude smaller. We argue that this large discrepancy may arise from the unknown 
physical conditions of the gas responsible for the metallic absorption lines in high-redshift 
damped Lya systems. While it is widely assumed that the absorbing gas is neutral, we 
propose that it could be ionized. In this case, ionization correction factors can boost the 
N/O ratios in damped Lya galaxies into the range of those measured in BCGs. 

Subject headings: galaxies: abundances — galaxies: irregular — galaxies: evolution - 
galaxies: formation — galaxies: ISM — HII regions — ISM: abundances — nuclear 
reactions, nucleosynthesis, abundances — quasars: absorption lines 
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1. INTRODUCTION 

The study of the variations of one chemical element 
relative to another is crucial for our understanding of 
the chemical evolution of galaxies and for constrain- 
ing models of stellar nucleosynthesis and the shape 
of the initial mass function. Blue compact galaxies 
(BCGs) are ideal objects in which to carry out such 
a study. They are low-luminosity (Mb > -18 mag) 
dwarf systems undergoing intense bursts of star for- 
mation which give birth to a large number (10 3 - 10 4 ) 
of massive stars in a compact region, which ionize the 
interstellar medium, producing high-excitation super- 
giant H II regions, and enrich it with heavy elements 
(see Thuan 1991 for a review). The optical spectra of 
these H II regions show strong narrow emission lines 
superposed on a stellar continuum which is rising to- 
ward the blue, allowing abundance determination of 
such heavy elements as nitrogen, oxygen, neon, sul- 
fur, argon and iron. Recently, the Hubble Space Tele- 
scope (HST) has permitted the determination of car- 
bon and silicon abundances from emission lines in the 
UV range (Garnett et al. 1995ab; Thuan, Izotov & 
Lipovetsky 1996; Garnett et al. 1997; Kobulnicky et 
al. 1997; Kobulnicky & Skillman 1998; Thuan, Izotov 
& Foltz 1998). 

These studies are particularly important for un- 
derstanding the evolutionary status of extremely low- 
metallicity BCGs. The debate has been raging for 
decades, ever since the discovery paper by Sargent 
& Searle (1970), on whether BCGs are truly nearby 
young dwarf galaxies undergoing one of their first 
bursts of star formation, or the present starburst is 
occurring within an older galaxy. The abundances 
of heavy elements in these galaxies ranging between 
Zq /50 and Zq /3 make them among the least chemi- 
cally evolved galaxies in the universe. However, sub- 
sequent photometric studies have shown that the ma- 
jority of blue compact galaxies possess an old stellar 
population. Hence they have experienced star forma- 
tion episodes in the past and are not young. Loose 
& Thuan (1985) found that - 95% of the BCGs in 
their sample exhibit an underlying extended red low 
surface brightness component, on which are super- 
posed the high surface brightness blue star-forming 
regions. Later CCD surveys of BCGs have confirmed 
and strengthened that initial result (Kunth, Mauro- 
gordato & Vigroux 1988; Papaderos et al. 1996; Telles 
& Terlevich 1997). However, there arc at least two 
known objects with extremely young stellar popula- 



tions. They are the two most-metal deficient galaxies 
known, I Zw 18 (Z /5O, Searle & Sargent 1972) and 
SBS 0335-052. Hubble Space Telescope (HST) imag- 
ing of I Zw 18 to V ~ 26 mag by Hunter & Thronson 
(1995) suggests that the stellar population is domi- 
nated by young stars and that the colors of the un- 
derlying diffuse component are consistent with those 
from a sea of unresolved B or early A stars, with no 
evidence for stars older than ~ 10 7 yr. The BCG 
SBS 0335-052 was first shown by Izotov et al. (1990) 
to possess an extraordinarily low metallicity, equal 
to 1/41 of the Sun's metallicity (Melnick, Hcydari- 
Malayeri & Leisy 1992). HST V and / imaging of this 
galaxy (Thuan, Izotov & Lipovetsky 1997) reveals ex- 
traordinarily blue (V — I) colors (between 0.0 and 0.2 
mag), not only in the region of current star forma- 
tion, but also in the extended (~ 4 kpc in size) low 
surface brightness underlying component. The blue 
low intensity emission has been shown by Izotov et al. 
(1997a) and Papaderos et al. (1998) to be the com- 
bined effect of emission from ionized gas (contributing 
~ 1/3 of the total flux) and from a very young stel- 
lar population (contributing the remaining ~ 2/3 of 
the emission), not older than <~ 10 s yr. There is fur- 
ther observational evidence for the extremely young 
age of SBS 0335-052. Thuan & Izotov (1997) have ar- 
gued from HST UV spectrophotometry that the large 
(some 64 kpc in size) and massive (~ 10 9 M Q ) H I 
cloud associated with the BCG (Pustilnik et al. 1998) 
is made of pristine gas, unpolluted by metals. 

The above observational evidence thus strongly 
suggests that there exists in our local volume of space 
a few young dwarf galaxies in which the first star for- 
mation did not occur until ~ 100 Myr ago. Somehow 
the H I clouds with which they are associated have not 
undergone gravitational collapse for a whole Hubble 
time. The detailed studies of these young dwarf galax- 
ies are not only important for understanding their in- 
trinsic properties, but are also crucial for galaxy for- 
mation studies. The proximity of these young dwarfs 
allows studies of their structure, metal content and 
stellar populations, and star formation processes in 
a nearly pristine environment with a sensitivity, pre- 
cision and spatial resolution that faint small angular 
size distant high-redshift galaxies do not allow. We fo- 
cus here on the analysis of heavy element abundance 
ratios in BCGs. We shall show that some of these 
ratios are very good indicators of the BCG age. 

It is now well established that the oxygen seen in H 
II regions is a primary element produced by massive 
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stars with M > 10 Mq (see the review by Weaver 
& Woosley 1993). As for the other a-process ele- 
ments seen in the spectra of H II regions, such as neon, 
silicon, sulfur and argon, they are generally thought 
to be also primary (see Thuan, Izotov & Lipovetsky 
(1995, hereafter TIL95) for references). Carbon is also 
a primary element, believed to be produced by both 
massive and intermediate-mass (3 Mq < M < 9 Mq) 
stars. However, because carbon has its strong nebular 
emission lines not in the optical but the UV range, it 
has not been possible until recently, with the advent 
of HST, to obtain precise measurements of its abun- 
dance. Garnett et al. (1995a) found the C/O ratio in 
BCGs to increase with increasing oxygen abundance 
and its value in the lowest mctallicity galaxies to be 
below the one predicted by stellar nucleosynthesis the- 
ory. However, a subsequent study by Garnett et al. 
(1997) found the C/O ratio in I Zw 18 to be much 
larger (by a factor of ~ 2) than the mean value for 
other metal-deficient galaxies. This led those authors 
to conclude that I Zw 18 is not a young galaxy, but 
that it has experienced carbon-enriching episodes of 
star formation in the past. 

The situation for nitrogen is even more complex. 
Spectral observations of H II regions in spiral galax- 
ies with high metallicities (Z <~ Z & ) show that the 
N/O ratio increases with O/H ( Pagel & Edmunds 
1981; Serrano & Peimbert 1983; Torres-Peimbert, Pe- 
imbcrt & Ficrro 1989; Vila-Costas & Edmunds 1993). 
This implies that a large part of the nitrogen in these 
high-metallicity spiral galaxies is produced as a sec- 
ondary element in the CNO cycle, i.e. its synthesis 
is controlled by carbon seed atoms already present in 
the main-sequence or red-giant stars (which can be 
of any mass). However, in low mctallicity (Z Q /50 
< Z < Zq/3) environments such as in irregular and 
blue compact galaxies, the N/O ratio is found to be 
constant and independent of O/H ( Lcqucux et al. 
1979; French 1980; Kinman & Davidson 1981; Kunth 
& Sargent 1983; Campbell, Terlevich & Melnick 1986; 
TIL95). This implies that nitrogen is mainly a pri- 
mary element when O/H is small. Stellar nucle- 
osynthesis models predict that primary nitrogen is 
produced mainly in intermediate-mass stars by hot- 
bottom carbon burning undergoing a third dredge-up 
episode which brings carbon-rich material from the 
core into the hydrogen-burning shell (Rcnzini & Voli 
1981, hereafter RV81; van den Hoek & Groenewe- 
gen 1997, hereafter HG97). The spread of the N/O 
ratio at a fixed O/H in early spectral observations 



is seen to be large and has been attributed to ob- 
servational uncertainties and/or to the time delays 
(t < 5xl0 8 yr) between the production of oxygen 
by short-lived massive stars and that of nitrogen by 
longer-lived intermediate-mass stars ( Matteucci & 
Tosi 1985; Garnett 1990; Pilyugin 1992, 1993; Vila- 
Costas & Edmunds 1993; Marconi, Matteucci & Tosi 
1994). However, TIL95 have shown subsequently that 
a large part of the scatter is due to observational un- 
certainties. High signal-to-noise observations show a 
very small dispersion of log N/O (± 0.02 dex) at low 
metallicities, which favors primary nitrogen produc- 
tion not in intermediate-mass stars but in massive 
ones. 

The optical spectra of BCGs also contain iron lines, 
which allow to derive abundances for that element, as 
was first done by TIL95. Iron is a primary element 
produced by explosive nucleosynthesis either in type 
I supernovae (SNc I) with low-mass progenitors, or in 
type II supernovae (SNe II) with more massive pro- 
genitors (Weaver & Woosley 1993; Woosley & Weaver 
1995, hereafter WW95). During the collapse of the 
Galaxy, while O and other a-elements are mainly pro- 
duced in massive stars and restored to the interstel- 
lar medium (ISM) through SNe II, iron is thought 
to come mainly from SNc I. Therefore, due to the 
different evolution timescales of stars with different 
masses, oxygen is injected sooner than iron into the 
ISM, resulting in an oxygen overabundance relative to 
iron in the halo population. It is well established that 
halo Population II stars with [Fe/H] < -1 ( where [X] 
= log X - log X Q ) have a constant overabundance 
[O/Fe] ~ 0.3 - 0.5. As for disk stars with higher 
metallicities ([Fe/H] > -1), they show a progressive 
decrease of O/Fe toward the solar ratio ([O/Fe] <~ 0) 
(Lambert, Sneden & Ries 1974; Spite & Spite 1981; 
Gratton & Ortolani 1986; Barbuy 1988; Barbuy & 
Erdelyi-Mendes 1989; Edvardsson et al. 1993). 

In order to constrain models of stellar nucleosyn- 
thesis and chemical evolution of the heavy elements 
discussed above in a metal-deficient environment, 
we present in this paper high signal-to-noise ratio 
spectrophotometric observations of 54 H II regions 
in 50 low-metallicity (Z /5O < Z < Z©/7) BCGs. 
This paper is a continuation of the study by TIL95, 
based on a substantially larger observational sample 
(more than triple the size of the old sample). We 
found the enlarged sample to confirm and consider- 
ably strengthen the main results obtained by TIL95. 
In §2 we discuss the properties of the sample. The 
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methods used for heavy element abundance determi- 
nations are discussed in §3. In §4 we discuss how the 
behavior of various heavy element abundance ratios 
as a function of metallicity can constrain the origin of 
these elements. We discuss in §5 how these data can 
put limits on the age of BCGs. We show that BCGs 
with metallicities below a certain value are likely to 
be young systems which are making stars for the first 
time at the present epoch. In §6 we compare our 
results for heavy clement abundances in BCGs with 
those in another highly metal-deficient environment: 
that of high-redshift damped Lya galaxies. We sum- 
marize our results in §7. 

2. THE SAMPLE 

We choose for analysis the sample of low-metallicity 
BCGs for which we have obtained optical spectropho- 
tometry to derive the primordial helium abundance. 
Because the requirements for an accurate helium 
abundance determination are very strict (the preci- 
sion has to be better than a few percent), the spectra 
have been obtained at the 4m and 2.1m Kitt Peak 
telescopes with the very highest signal-to-noise ratio, 
typically ~ 20 to 40 in the continuum. The sam- 
ple includes mainly BCGs from the First Byurakan 
(or Markarian) and Second Byurakan surveys. Ad- 
ditionally, UGC 4483, VII Zw 403 and several BCGs 
from the University of Michigan (UM) survey have 
been included. All galaxies have been observed with 
nearly the same observational settings (slit width ~ 
2", spectral resolution of 6 A, and spectral range cov- 
ered during a single exposure AA3600 - 7500 A), and 
the data reduction has been done in a homogeneous 
way. The results of the spectrophotometric observa- 
tions and the details of the data reduction are pre- 
sented in Izotov, Thuan & Lipovetsky (1994, 1997, 
hereafter ITL94 and ITL97), TIL95 and Izotov & 
Thuan (1998ab). The total sample consists of 54 su- 
pergiant H II regions observed in 50 BCGs. All ob- 
served H II regions are of high excitation, with equiva- 
lent widths of H/3 generally larger than 100 A. For the 
majority of the BCGs in the sample, high-order H9 
to H12 Balmer emission lines are detected, which per- 
mits to correct the observed line intensities for both 
extinction and underlying hydrogen stellar absorption 
with a very high precision over the whole optical spec- 
tral range. This is most important as uncertainties in 
these corrections will introduce uncertainties in the 
derived abundances, resulting in an artificial scatter 
in the data. In particular, it is especially important 



that these corrections are done correctly for the [O II] 
A3727 line at the blue end of the spectrum. This line is 
used for the determination of the + abundance and 
for the correction of nitrogen and iron abundances for 
unseen stages of ionization. Ignoring, for example, 
stellar hydrogen absorption will lead to an overesti- 
mate of the extinction and of the intensity of [O II] 
A3727, and to an underestimate of nitrogen and iron 
abundances. In all cases therefore, we have made sure 
that the Balmer hydrogen emission line intensity ra- 
tios are in agreement with the theoretical recombina- 
tion ratios after correction for both these effects. 

Another important feature of the sample is that 
the auroral [O III] A4363 line is detected with a high 
signal-to-noise ratio. This allows to derive electron 
temperatures and element abundances with a much 
higher precision than with the use of empirical statis- 
tical methods based, for instance, on the total inten- 
sity of oxygen lines. The precision of these empirical 
methods is not better than 0.2 - 0.3 dex in the deter- 
mination of the oxygen abundance. 

Our sample includes nearly all of the most metal- 
deficient BCGs known. Among the catalogued BCGs 
with heavy element abundances less than 1/20 so- 
lar, only 3 galaxies (CG 1116+51, Tol 65 and Tol 
1214-277) are missing. The other 6 are present, in- 
cluding the two most metal-deficient galaxies known, 
I Zw 18 and SBS 0335-052. We have purposely not 
included galaxies observed by other authors in the 
optical range so as to preserve the homogeneity of a 
data set obtained and reduced by us in a uniform way. 
This allows us to minimize the scatter which would 
be inevitably and artificially introduced, were we to 
assemble data by different authors with varying qual- 
ity, which differ by their reduction methods, their line 
intensity measurements and corrections for extinction 
and underlying stellar absorption, the formulae used 
for abundances calculations, etc. 

For the derivation of carbon and silicon abun- 
dances, we have assembled a sample of BCGs ob- 
served in the UV with the HST Faint Object Spectro- 
graph (FOS) by Garnett et al. (1995ab, 1997), Kob- 
ulnicky et al. (1997), Kobulnicky & Skillman (1998) 
and Thuan, Izotov & Foltz (1998). In total, this sam- 
ple includes 15 supergiant H II regions in 11 galaxies. 
Again, in an effort to treat the data in a homogeneous 
way, we have reanalyzed all the UV data in the same 
manner, supplementing it for some galaxies with our 
most recent ground-based observations. 
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3. HEAVY ELEMENT ABUNDANCE DE- 
TERMINATION 

3.1. Ground-based optical observations 

To derive element abundances from the optical 
spectra, we have followed the procedure detailed in 
ITL94 and ITL97. We adopt a two-zone photoionized 
H II region model (Stasihska 1990): a high- ionization 
zone with temperature T e (0 III), and a low-ionization 
zone with temperature T e (0 II). We have determined 
T e (0 III) from the [O III]A4363/(A4959+A5007) ra- 
tio using a five- level atom model (Aller 1984) with 
atomic data from Mendoza (1983). That temperature 
is used for the derivation of the He+, He 2+ , 2+ , Ne 2+ 
and Ar 3+ ionic abundances. To derive T e (0 II), we 
have used the relation between T e (0 II) and T e (0 III) 
(ITL94), based on a fit to the photoionization mod- 
els of Stasinska (1990). The temperature T e (0 II) is 
used to derive the + , N+ and Fe + ionic abundances. 
For Ar 2+ and S 2+ we have used an electron temper- 
ature intermediate between T e (0 III) and T e (0 II) 
following the prescriptions of Garnett (1992). The 
electron density iV e (S II) is derived from the [S II] 
A6717/A6731 ratio. 

Total element abundances are derived after correc- 
tion for unseen stages of ionization as described in 
ITL94 and TIL95. In the spectra of several BCGs, a 
strong nebular He II A4686 emission line is present, 
implying the presence of a non-negligible amount of 
3+ . Its abundance is derived from the relation: 

3 + = |^(0+ + 2 +). (1) 

Then, the total oxygen abundance is equal to 

O = 0+ + 2+ + 3+ . (2) 

The electron temperatures, number densities, ionic 
and total element abundances along with ionization 
correction factors for each galaxy in our sample are 
given in ITL94, TIL95, ITL97, and Izotov & Thuan 
(1998b). Because the electron temperatures T e (0 
III) in ITL94, TIL95 and ITL97 are calculated us- 
ing a three-level atom model, while Izotov & Thuan 
(1998b) adopt a five-level atom model (Aller 1984), we 
have recalculated, for consistency, all heavy element 
abundances for the galaxies in ITL94, TIL95 and 
ITL97 using also a five-level atom model. This gives 
slightly higher electron temperatures and slightly lower 
oxygen abundances (by <~ 0.04 dex). The heavy ele- 
ment abundance ratios are however nearly unchanged. 



Table 1 lists the oxygen abundance and the heavy el- 
ement to oxygen abundance ratios for all the galaxies 
in our sample. 

3.2. HST UV and optical observations 

Carbon is one of the elements which provides 
strong constraints on the chemical evolution of BCGs 
and the origin of elements. However, it possesses no 
strong optical emission line. The strongest carbon 
emission line is the C III] A(1906+1909) line in the 
UV. With the advent of HST, much work has been 
done to determine the carbon abundance in BCGs, 
using FOS spectroscopy (Garnett et al. 1995a, 1997; 
Kobulnicky et al. 1997 and Kobulnicky & Skillman 
1998). The same spectra can also be used to derive 
the silicon abundance when the Si III] A(1885+1892) 
line is seen. We have decided to reanalyze some of 
these data, specifically the galaxies with both UV and 
optical FOS spectra, for the following reasons: (1) 
Garnett et al. (1995a) used the UV O III] A1666 to 
derive the C/O abundance ratio. While this method 
has the advantage of being insensitive to the ex- 
tinction curve adopted, the O III] A 1666 and C III] 
A1906+1909 emission lines being close to each other 
in wavelength, the weakness of the O III] A 1666 line 
makes in many cases the C/O abundance ratio de- 
termination very uncertain. Therefore, we have used 
the [O III] A(4959 + 5007) emission lines in the FOS 
spectra (these are used instead of higher S /N ground- 
based spectra to insure that exactly the same region 
is observed as in the UV) to determine the C/O abun- 
dance ratio. This approach is subject to uncertainties 
in the extinction curve but, fortunately, at least in 
some of the galaxies, the extinction is small. (2) Be- 
cause of the uncertainties in the atomic data, different 
authors have used different analytical expressions for 
the determination of carbon and silicon abundances. 
As this may introduce systematic shifts, we have re- 
analyzed all spectra in the same manner, using the 
same expressions, to insure the homogeneity of our 
data set. (3) The C/O abundance ratio is depen- 
dent on several physical parameters, and in particular 
on the electron temperature which needs to be deter- 
mined with a relatively high precision. Because of the 
poorer signal-to-noise ratio of the FOS spectra in the 
optical range, Garnett et al. (1997) and Kobulnicky & 
Skillman (1998) have used electron temperatures de- 
rived from higher signal-to-noise ratio ground-based 
observations. We use here our own new ground-based 
observations with very high signal-to-noise ratio to 
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better constrain the electron temperature for some of 
the most metal-deficient galaxies in our sample. (4) In 
deriving silicon abundances, Kobulnicky et al. (1997) 
have not corrected for unseen stages of ionization. We 
have taken into account here the ionization correction 
factor for Si which can be large. 

We derive the C 2+ abundance from the relation 
(Aller 1984): 



C 2 + 

Q2+ 



0.093 exp 



4.656 A J(CIII]A1906 + A1909) 
t J /([OIII]A4959 + A5007) : 



(3) 

where t = T e /10 4 . Following Garnett et al. (1995a) 
we adopt for the temperature in Eq. (||) the T e (0 III) 
value in the ++ zone. Then 



§-«*(§)£■ 



(4) 



The correction factor ICF(C/0) in Eq.(^) for unseen 
ionization stages of carbon is taken from Garnett et 
al. (1995a). In the majority of cases, the correction 
factor is small, i.e. ICF(C/0) = 1.0 - 1.1. However, 
it is evident from Eq. (^) that the C/O abundance 
ratio is critically dependent on the electron temper- 
ature. To derive as precise temperatures as possi- 
ble, we have used, when available, very high signal- 
to-noise ground-based observations obtained within 
apertures nearly matching the circular or square 0'.'86 
FOS aperture. 

The abundance of silicon is derived following Gar- 
nett et al. (1995b) from the relation 



c V c J c 2 + ' 



(•5) 



where 



Si 2+ 

C 2+ 



= 0.188r 2 exp 



0.08 \ /(SiIII]A1883 + A1892) 



t 



J(CIII]A1906 + A1909)' 
(6) 

For the determination of the silicon abundance, we 
again adopt the temperature T e (0 III). The cor- 
rection factor ICF(Si/C) is given by Garnett et al. 
(1995b) and is larger than that for carbon. One of 
the main uncertainties in the determination of the 
silicon abundance comes from the Si III] A1892 emis- 
sion line. It is not seen in some galaxies (such as in 
the NW component of I Zw 18), while atomic theory 
predicts that this line should be present, given the 
signal-to-noise ratio and intensity of the neighboring 
Si III] A1883 emission line. In those cases, we assume 



I (Si III] A1883 + A1892) = 1.67 x /(Si III] A1883) as 
expected in the low-density limit. 

We discuss next in more details the carbon and 
silicon abundance determinations in a few BCGs of 
special interest. The heavy element abundance ra- 
tios derived from HST FOS observations are given in 
Table 4. 

3.2.1. I Zw 18 

Both the NW and SE components of this BCG, 
the most metal-deficient galaxy known, have been ob- 
served in the UV and optical with the HST FOS by 
Garnett et al. (1997). Adopting T e (0 III) = 19,600 
K and 17,200 K respectively for the NW and SE com- 
ponents (Skillman & Kennicutt 1993) and using the 
C III] A(1906+1909) and [O III] A(4959+5007) emis- 
sion lines, those authors derived very high C/O abun- 
dance ratios for both components, -0.63±0.10 and 
-0.56±0.09, as compared to ~ -0.8 in other metal- 
deficient galaxies and predictions of massive stel- 
lar nucleosynthesis theory (Weaver & Woosley 1993; 
WW95). This led Garnett et al. (1997) to con- 
clude that I Zw 18 is not a young galaxy and has 
experienced star formation episodes in the past which 
have enhanced the C/O ratio through the evolution 
of intermediate-mass stars. 

As the adopted value for the electron temperature 
is crucial for the determination of the C/O abundance 
ratio, we have redetermined it using new data by Izo- 
tov et al. (1997b). Those authors have obtained with 
the Multiple Mirror Telescope (MMT) a spectrum of 
both NW and SE components during a 3-hour expo- 
sure with excellent seeing conditions (FWHM ~ 0.7 
arcsec) . The much higher signal-to- noise ratio of this 
spectrum as compared to that by Skillman & Kenni- 
cutt (1993) has resulted in the discovery of a Wolf- 
Rayet stellar population in the NW component of I 
Zw 18 (Izotov et al. 1997b). We have extracted from 
this two-dimensional spectrum two one-dimensional 
spectra at the location of the brightest parts of the 
NW and SE components, within the smallest aperture 
allowed by the MMT observations, that of 0'.'6xl'.'5. 
This provides a fairly good match to the round 0'.'86 
FOS aperture, as the ratio of the area of the former 
to that of the latter is ~ 1.54. The observed and 
corrected emission line fluxes relative to H/3 for both 
components are shown in Table 2 together with the 
extinction coefficients C(H/3), observed H/3 fluxes and 
equivalent widths, and equivalent widths of the un- 
derlying stellar Balmer absorption lines. The errors 
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of the line intensities listed in Table 2 take into ac- 
count the noise statistics in the continuum, the errors 
in placing the continuum and fitting the line profiles 
with gaussians. We also retrieved the FOS spectra 
from the HST archives and remeasured the emission 
line fluxes. Comparison of the MMT and FOS H/3 
fluxes in the SE component shows very good agree- 
ment: 3.5xl0~ 15 ergs cm _2 s _1 in the MMT spec- 
trum as compared to 3.2xl0~ 15 ergs cm _2 s _1 in the 
HST spectrum. The H/3 emission equivalent widths 
are also in good agreement: f 44 A in the MMT spec- 
trum as compared to 127 A in the HST spectrum. 
There is not so good agreement, however, for the NW 
component. The ratio of the observed H/3 flux in the 
MMT spectrum of 2.9xfCT 15 ergs cm _2 s _1 to that 
of 5.0xl0 -15 ergs cm _2 s _1 in the HST spectrum is ~ 
0.6, just the ratio of the measured emission equivalent 
width of H/3 of 34 A from the MMT spectrum to that 
of 55 A from the HST spectrum. These differences 
are probably due to a slight positioning shift between 
the MMT and HST apertures on the NW compo- 
nent. The electron temperatures and oxygen abun- 
dances derived from the MMT spectra for both NW 
and SE components are shown in Table 3. In deriv- 
ing these quantities, we have neglected temperature 
fluctuations. While there is evidence for large tem- 
perature fluctuations in planetary nebulae and per- 
haps in high-metallicity HII regions, we believed that 
there is, until now, no such convincing evidence for 
low-metallicity HII regions like the ones considered 
here (see a detailed discussion of this issue in Izotov 
& Thuan 1998b). The electron temperatures T e (0 
III) are much higher than those obtained by Skillman 
& Kcnnicutt (1993) through a larger aperture (2"x5" 
for the SE component and 2"x7'/55 for the NW com- 
ponent), by 1900 K in the NW component, and by 
2300 K in the SE component. They are also higher 
by 1800 K and 700 K respectively than the temper- 
atures obtained by Izotov & Thuan (1998a) within 
an aperture of 2"x5". There is evidently a tempera- 
ture gradient at the center of both NW and SE com- 
ponents (see also Martin 1996), and large apertures 
give invariably lower electron temperatures. Match- 
ing the small HST FOS aperture as closely as possible 
is essential to derive appropriate abundances. The 
higher electron temperatures lead to lower oxygen 
abundances than those derived by Skillman & Ken- 
nicutt (1993) and Izotov & Thuan (1998a) for larger 
regions. Note that the oxygen abundance derived for 
the NW component is lower than that derived for the 



SE component by a factor of ~ 1.2. This is again be- 
cause there is a gradient toward higher temperatures 
in the central part of the NW component, which leads 
to lower abundances. In larger apertures, the derived 
oxygen abundances are the same within the errors 
for both components, suggesting good mixing (Skill- 
man & Kcnnicutt 1993; Izotov & Thuan 1998a). The 
new C/O abundance ratio derived using emission line 
fluxes from Garnett et al. (1997) is also lower than the 
value derived by those authors, implying C/O abun- 
dance gradients. We have also measured the fluxes 
of the Si III] A1883, 1992 emission lines and derived 
silicon abundance in both components. 

3.2.2. SBS 0335-052 

Because Garnett et al. (1995a) observed SBS 
0335-052 only in the UV, they used the C III] A(1906 
+ 1909) to O III] A1666 flux ratio to derive log 
C/O = -0.94±0.17, the lowest value for the BCGs 
in their sample. Although the O III] A1666 was 
clearly detected, the UV spectrum is noisy, especially 
in the blue part, introducing uncertainties on the line 
strength. Garnett et al. (1995b) have also derived a 
low Si/O abundance: log Si/O = -1.72±0.20. This 
low abundance ratio is mainly due to the low value of 
C/O, as Si/O is derived using the Si/C ratio. 

We again use new high signal-to-noise ratio MMT 
spectral observations (Izotov et al. 1997a) in an ef- 
fort to improve the situation. We extracted a one- 
dimensional spectrum of the brightest part of the SBS 
0335-052 within a l"x076 aperture to best match the 
FOS aperture. We use the MMT spectrum to derive 
the electron temperature and the oxygen abundance, 
and combine with the the HST UV spectrum to de- 
rive C/O and Si/O abundance ratios. Emission line 
fluxes are shown in Table 2, while the electron tem- 
perature T e (0 III) and oxygen abundance are given 
in Table 3. The observed C III] A(1906+1909) and Si 
III] A(1882+1893) emission line fluxes are corrected 
for extinction using the reddening law for the Small 
Magellanic Cloud, as parameterized by Prevot et al. 
(1984). The carbon and silicon abundances are shown 
in Table 4. We derive higher log C/O = -0.83±0.08 
and log Si/O = -1.60±0.21 values as compared to 
those of Garnett et al. (1995ab), although they are 
consistent within the errors. 
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3.2.3. SBS U15+437 

This galaxy, with a heavy element abundance Z@ /21 
(Izotov & Thuan 1998b), has been observed with the 
HST FOS in the UV and optical ranges (Thuan, Izo- 
tov & Foltz 1998). As in I Zw 18 NW, the Si III] A1892 
emission line is not seen. Instead, at the location of 
this line a deep absorption is observed. Therefore, the 
total flux of the Si III] emission lines has been derived 
by multiplying the Si III] A1883 emission line flux by a 
factor of 1.67. The UV emission line fluxes have been 
corrected for extinction using the reddening law for 
the Small Magellanic Cloud (Prevot et al. 1984). The 
electron temperature is derived from a high signal- 
to-noise ratio MMT spectrum in a l'.'5xO'/6 aperture 
(Thuan, Izotov, & Foltz 1998). 

3.2.4. UM 469, NGC 4861 and T1345-420 

We use for these galaxies the corrected emission 
line fluxes derived by Kobulnicky & Skillman (1998) 
to calculate the C/O and Si/O abundance ratios with 
equations (|| - ||). We also correct the C ++ /0 ++ 
abundance ratio for unseen stages of ionization while 
Kobulnicky & Skillman (1998) decided not to apply 
a correction factor. 

3.2.5. NGC 5253 

Kobulnicky et al. (1997) have derived C/O and 
Si/O abundance ratios in three H II regions of this 
galaxy. Our measurements of the emission line fluxes 
in the same FOS spectra retrieved from the HST 
archives are in fair agreement with theirs, except for 
the Si III] A(1883+1892) emission line flux in the HII- 
2 region, for which we derive a higher value. We have 
also corrected Si ++ /C ++ for unseen stages of ioniza- 
tion, which was not done by Kobulnicky ct al. (1997). 
This correction factor can be as high as ~ 1.4. 

4. HEAVY ELEMENT ABUNDANCES 

Our main goal here is to use the large homogeneous 
BCG sample described above to extend the work of 
TIL95 and study in more detail and with more statis- 
tics the relationship between different heavy elements 
in a very low-metallicity environment. Some of the 
very low-metallicity galaxies are most likely young 
nearby dwarf galaxies undergoing their first burst of 
star formation not more than 100 Myr ago (Thuan, 
Izotov & Lipovetsky 1997; Thuan & Izotov 1997; 
Thuan, Izotov & Foltz 1998). Therefore, the rela- 



tionships between different heavy element abundances 
will not only put constraints on the star-formation 
history of BCGs, they will also be useful for under- 
standing the early chemical evolution of galaxies. Fur- 
thermore, a precise determination of heavy element 
abundances in BCGs can put constraints on stellar 
nucleosynthesis models, as theoretical predictions for 
the yields of some elements are not yet very firm. 
The best studied and most easily observed element 
in BCGs is oxygen. Nucleosynthesis theory predicts 
it to be produced only by massive stars. We shall 
use it as the reference chemical element and consider 
the behavior of heavy element abundance ratios as a 
function of oxygen abundance. 

4.1. Neon, Silicon, Sulfur and Argon 

The elements neon, silicon, sulfur and argon are all 
products of a-processes during both hydrostatic and 
explosive nucleosynthesis in the same massive stars 
which make oxygen. Therefore, the Ne/O, Si/O, S/O 
and Ar/O ratios should be constant and show no de- 
pendence on the oxygen abundance. In Figure 1 we 
show the abundance ratios for these elements as a 
function of 12 + log O/H (filled circles). For Si/O, 
we have also shown for comparison the data from Gar- 
nett et al. (1995b) for those galaxies which we have 
not reanalyzed for lack of the necessary data (open 
circles). These galaxies are not included in the com- 
putation of the mean abundance ratios listed in Table 
5. The mean values of these element abundance ra- 
tios are directly related to the stellar yields and thus 
provide strong constraints on the theory of massive 
stellar nucleosynthesis. Note, that while silicon and 
sulfur abundances can be measured in a wide variety 
of astrophysical settings (stars, H II regions, high- 
redshift damped Lya clouds), neon and argon abun- 
dances can be measured with good precision at low 
metallicities only in BCGs. Table 5 gives the mean 
values of the Ne/O, Si/O, S/O and Ar/O abundance 
ratios calculated for the total sample, as well as for 
two subsamples: a low-metallicity subsample contain- 
ing galaxies with 12 + log O/H < 7.6, and a high- 
metallicity subsample containing galaxies with 12 + 
log O/H > 7.6. For comparison, we list also the solar 
ratios taken from Anders & Grevesse (1989). Gener- 
ally, the dispersion about the mean of the points in 
the low-metallicity subsample is smaller than that in 
the high-metallicity subsample and the total sample, 
although the differences are not statistically signifi- 
cant. Examination of Figure 1 and Table 5 shows 
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that, as predicted by stellar nucleosynthesis theory 
no dependence on oxygen abundance is found for any 
of the Ne/O, Si/O, S/O and Ar/O abundance ratios. 

Independently of the subsamplc, the Ne/O, Si/O, 
S/O and Ar/O ratios are all very close to the corre- 
sponding solar value (dotted lines in Figure 1). There 
may be a hint that the mean Si/O abundance ratio in 
BCGs is slightly lower than the solar value, but the 
difference is again not statistically significant. We 
thus conclude that there is no significant depletion of 
silicon into dust grains in BCGs. By contrast, Gar- 
nett et al. (1995b) have found a weighted mean log 
Si/O = -1.59±0.07 for their sample of low-metallicity 
galaxies, lower by a factor of <~ 1.6 than the solar 
value. This led them to conclude that about 50% 
of the silicon is incorporated into dust grains. The 
number of galaxies with measured silicon abundances 
is not large, and more observations are needed for a 
more definite conclusion. 

The mean values of the abundance ratios for the 
other elements arc in very good agreement with those 
derived by TIL95 for a smaller sample of BCGs. 
TIL95 have made detailed comparisons of their results 
with those of previous studies, so we shall not repeat 
the discussion here. We shall only mention the more 
recent work of van Zee, Haynes & Salzer (1997) who 
have studied heavy element abundance ratios in the 
H II regions of 28 gas-rich, quiescent dwarf galaxies. 
Their mean Ne/O, S/O and Ar/O ratios are consis- 
tent within the errors with the results of TIL95 and 
those obtained here, although in many of their galax- 
ies, the abundance measurements are more uncertain 
because the [O III] A4363 emission line is not detected 
and the electron temperature is derived from an em- 
pirical method. 

4.2. Carbon 

Carbon is produced by both intermediate and high- 
mass stars. Since C is a product of hydrostatic burn- 
ing, the contributions of SNe la and SNe II are small. 
Therefore, the C/O abundance ratio is sensitive to 
the particular star formation history of the galaxy. It 
is expected that, in the earliest stages of galaxy evolu- 
tion, carbon is mainly produced by massive stars, so 
that the C/O abundance ratio is independent of the 
oxygen abundance, as both C and O are primary el- 
ements. At later stages, intermediate-mass stars add 
their carbon production, so that an increase in the 
C/O ratio is expected with increasing oxygen abun- 
dance. 



The results of the study by Garnett et al. (1995a) 
did not conform to these expectations. Those au- 
thors found a continuous increase of log C/O with 
increasing log O /H in their sample of metal-deficient 
galaxies, which could be fitted by a power law with 
slope 0.43. Because log C/O is fairly constant at -0.9 
for halo stars in the Galaxy (Tomkin et al. 1992), 
Garnett et al. (1995a) suggested there may be a dif- 
ference between the abundance patterns seen in the 
Galaxy and dwarf galaxies. Subsequent HST FOS ob- 
servations of I Zw 18 by Garnett et al. (1997) yielded 
abundances that complicated the situation even more. 
It was found that I Zw 18 bucks the trend shown by 
the other low-metallicity objects. Although it has the 
lowest metallicity known, it shows a rather high log 
C/O, equal to -0.63±0.10 and -0.56±0.09 in the NW 
and SE components respectively. These values are 
significantly higher than those predicted by massive 
stellar nucleosynthesis theory. This led Garnett et al. 
(1997) to conclude that carbon in I Zw 18 has been 
enhanced by an earlier population of lower-mass stars 
and, hence, despite its very low metallicity, I Zw 18 is 
not a "primeval" galaxy. Garnett et al. (1997) con- 
sidered and dismissed the possibility that the high 
C/O ratio in I Zw 18 may be due to errors in the 
electron temperature. We have revisited the problem 
here for I Zw 18 with our own data and conclude that 
it is indeed a too low adopted electron temperature 
which is responsible for the too high C/O ratio in both 
components of I Zw 18. The temperatures adopted by 
Garnett et al. (1997) for I Zw 18 are derived from op- 
tical observations in an aperture larger than the FOS 
aperture, and are too low because of a temperature 
gradient. In Figure 2a we have plotted with filled cir- 
cles log C/O against 12 + log O/H for all the galaxies 
which we have reanalyzed. Great care was taken to 
derive electron temperatures in apertures matching 
as closely as possible the FOS aperture. Open circles 
show galaxies from Garnett et al. which could not be 
reanalyzed because of lack of the necessary data. It 
is clear that, in contrast to the results by Garnett et 
al. (1995a, 1997), we find log C/O to be constant in 
the extremely low-metallicity range, when 12 + log 
O/H varies between 7.1 and 7.6, as expected from 
the common origin of carbon and oxygen in massive 
stars. Furthermore, the dispersion of the points about 
the mean is very small : <log C/0> = 0.78±0.03 
(Table 5). This mean value is in very good agreement 
with that of ~ -0.8 predicted by massive stellar nucle- 
osynthesis theory (Weaver & Woosley 1993; WW95). 
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Two models with Z = and Z = 0.01 Zq are shown 
by horizontal lines in Figure 2a. They are in good 
agreement with the observations. At higher metallic- 
ities (12 + log O/H > 7.6), there is an increase in log 
C/O with log O/H and also more scatter at a given 
O/H, which we attribute to the carbon contribution 
of intermediate-mass stars in addition to that of mas- 
sive stars. 

4.3. Nitrogen 

The origin of nitrogen has been a subject of debate 
for some years. The basic nucleosynthesis process is 
well understood - nitrogen results from CNO process- 
ing of oxygen and carbon during hydrogen burning - 
however the nature of the stars mainly responsible 
for the production of nitrogen remains uncertain. If 
oxygen and carbon are produced not in previous gen- 
eration stars, but in the same stars prior to the CNO 
cycle, then the amount of nitrogen produced is in- 
dependent of the initial heavy element abundance of 
the star, and its synthesis is said to be primary. On 
the other hand, if the "seed" oxygen and carbon are 
produced in previous generation stars and incorpo- 
rated into a star at its formation and a constant mass 
fraction is processed, then the amount of nitrogen 
produced is proportional to the initial heavy element 
abundance, and the nitrogen synthesis is said to be 
secondary. Secondary nitrogen synthesis can occur in 
stars of all masses, while primary nitrogen synthesis is 
usually (but not universally) thought to occur mainly 
in intermediate-mass stars (RV81, WW95). In the 
case of secondary nitrogen production, it is expected 
that massive stars with decreasing metallicity would 
produce decreasing amounts of 14 N (WW95). There 
is, however, a caveat: there is the possibility that in 
some massive stars the convective helium shell pen- 
etrates into the hydrogen layer, with the consequent 
production of large amounts of primary nitrogen. 

The behavior of the N/O abundance ratio as a 
function of the O/H ratio has provided the main ob- 
servational constraint to this debate. In low-metallicity 
Galactic halo stars, N/O is nearly independent of 
O/H implying that nitrogen has a strong primary 
component which can be explained by primary nitro- 
gen production in massive stars with a large amount 
of convective overshoot (Timmes, Woosley & Weaver 
1995). Several studies of low-metallicity (12 + log 
O/H < 8.3) H II regions in dwarf galaxies have 
also revealed that N/O is independent on O/H im- 
plying again a primary origin of nitrogen (Garnctt 



1990; Vila-Costas & Edmunds 1993; TIL95; van Zee, 
Hayncs & Salzer 1997; van Zee, Salzer & Haynes 
1998). It is generally believed that primary nitro- 
gen in BCGs is produced by intermediate-mass stars 
by carbon dredge-up (RV81). For high- metallicity H 
II regions in spiral galaxies (12 + log O/H > 8.3), 
the N/O ratio increases linearly with the O abun- 
dance, indicating that, in this metallicity regime, N 
is primarily a secondary element. We shall not be 
concerned with secondary N here and shall discuss 
mainly primary N since all our BCGs have 12 + log 
O/H < 8.3. 

A problem in interpreting the data in the vast ma- 
jority of studies is the existence of a considerable 
scatter (± 0.3 dcx) in N/O at a given O/H. The 
large scatter has been attributed to the delayed re- 
lease of N produced in intermediate-mass long-lived 
stars, compared to O produced in massive short-lived 
stars (Matteucci & Tosi 1985; Matteucci 1986; Gar- 
nctt 1990; Pilyugin 1992, 1993; Marconi et al. 1994; 
Kobulnicky & Skillman 1996, 1998). In contrast to 
these studies, TIL95 found the scatter in N/O at a 
given O/H to be large only when the metallicity ex- 
ceeds a certain value, i.e. 12 + log O/H > 7.6. At 
lower O abundances, the scatter is extremely small. 
It is difficult to improve much the statistics by adding 
to the TIL95 sample more galaxies in this very low- 
metallicity range because the known objects having 
such a low heavy element content are very scarce and 
extremely difficult to discover. We have added only 
SBS 0335-052 with Z©/41, the second most metal- 
deficient BCG known after I Zw 18 (Figure 2b). As 
for the latter, we have used our own data instead of 
that of Skillman & Kennicutt (1993). The result is 
the same. The scatter of the points is very small: 
<log N/0> = -1.60±0.02 (Table 5). We do not be- 
lieve that this very small scatter is the result of some 
unknown selection effect which would invariably pick 
out low-metallicity BCGs at the same stage of their 
evolutionary history. This is because of two reasons. 
First, we have plotted all the data we have, without 
any selection. Second, as discussed later, the scat- 
ter does increase substantially for highcr-metallicity 
BCGs. There is no obvious reason why a selection 
effect would operate only on low-metallicity objects, 
but not on higher-metallicity ones. 

As discussed by TIL95, the very small dispersion 
of the N/O ratio puts very severe constraints on time- 
delay models. A time delay between the primary 
production of oxygen by massive stars and that of 
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nitrogen by intermediate-mass stars can be as large 
as 5xl0 8 yr, the lifetime of a 2 - 3 M Q star. This 
would introduce a significant (> ± 0.2) scatter in 
N/O, as chemical evolution models by Pilyugin (1993) 
and Marconi et al. (1994) show. We reiterate the con- 
clusion of TIL95, that the small scatter of N/O in the 
most metal-deficient galaxies in our sample can be 
best understood if primary N in these galaxies is pro- 
duced by massive stars (M > 9 M Q ) only. As we shall 
see in section 5, intermediate- mass stars have not yet 
returned their nucleosynthesis products to the inter- 
stellar medium in these most metal-poor galaxies, be- 
cause they have not had enough time to evolve. There 
is a further data point which we did not include in our 
sample, but which strengthens our results even more. 
It comes from the western companion of SBS 0335- 
052, the BCG SBS 0335-052 W, located in a common 
H I envelope with the former. This BCG was observed 
by Lipovetsky et al. (1998) with the MMT and Keck 
telescopes to have oxygen abundances in its two knots 
of 12 + log O/H = 7.22±0.03 and 7.13±0.07 respec- 
tively, with corresponding log N/O = 1.54±0.06 and 
-1.53±0.19, consistent with our mean derived value of 
log N/O (Table 5). 

We have compared our results with those of other 
authors for BCGs in the range 12 + log O/H < 7.6, us- 
ing the compilation of Kobulnicky & Skillman (1996) 
of the existing data for element abundances in BCGs. 
Two galaxies in their compilation show N/O ratios 
which are significantly lower than our mean value, 
by many times the dispersion of our sample. The 
first one is Tol 65, with 12 + log O/H = 7.56 which 
has a very low log N/O = -1.79±0.20. This galaxy 
was observed nearly two decades ago (in 1980) by 
Kunth & Sargent (1983). Its N/O ratio has large er- 
rors and should be redetermined more precisely. The 
second galaxy, CG 1116+51 with 12 + log O/H = 
7.53 has log N/O = -1.68±0.11. However, Izotov & 
Foltz (1998) have recently reobserved this galaxy with 
the MMT and found log N/O = -1.57±0.09, consis- 
tent with the mean value and small dispersion about 
the mean found here and in TIL95. Studies of south- 
ern BCGs by Campbell, Terlevich & Melnick (1986) 
and Masegosa et al. (1994) also show a lower enve- 
lope for log N/O at around -1.6 -j- -1.7. The very few 
galaxies with N/O below the envelope all have large 
observational uncertainties. 

The situation changes appreciably for BCGs with 
12 + log O/H > 7.6. The scatter of the C/O and N/O 
ratios increases significantly at a given O abundance. 



This increase in the dispersion is best explained if, 
in addition to the production of carbon and primary 
nitrogen by massive stars during the starburst phase, 
there is an additional production of both these ele- 
ments by intermediate-mass stars during the inter- 
burst quiescent phase. Within the framework of cur- 
rent nucleosynthesis theory (RV81, WW95), primary 
nitrogen is produced only by intermediate-mass stars, 
not by massive stars. In this case the productions of 
oxygen and nitrogen would be decoupled and in prin- 
ciple very low N/O values can be observed. However, 
our observations do not confirm these expectations. 
Instead, Figure 2b shows a definite lower envelope for 
the N/O ratio, at the level set by primary nitrogen 
production in low-metallicity massive stars. 

To summarize, we have arrived at the following im- 
portant conclusions concerning the origin of nitrogen: 
(1) in very low-metallicity BCGs with 12 + log O/H 

< 7.6, nitrogen is produced as a primary element by 
massive stars only. Intermediate-mass stars have not 
had the time to evolve and release their nucleosynthe- 
sis products to the interstellar medium. The massive 
stars set the level of log N/O to be at ~ -1.60. This 
picture is the most reasonable one to account for the 
extremely small dispersion in log N/O (± 0.02 dex) 
at a given O abundance. (2) The value of log N/O 
increases above ~ -1.60 along with the scatter at a 
given O abundance in BCGs with 7.6 < 12 + log O/H 

< 8.2. We interpret this increase in log N/O and its 
larger scatter as due to the additional contribution 
of primary nitrogen produced by intermediate-mass 
stars, on top of the primary nitrogen produced by 
massive stars. 

Finally, we check whether the N/O ratios observed 
in more quiescent dwarf galaxies with less active star 
formation (van Zee et al. 1997, 1998) are consistent 
with the scenario outlined above. The H II regions in 
the latter have much lower excitation than those in 
BCGs, and the [O III] A4363 emission line is not seen 
in many galaxies. In the framework of a time delayed 
nitrogen production model, we would expect lower 
values of N/O abundance ratios in quiescent dwarf 
galaxies than in BCGs as the bursts in the former are 
older (the H/3 emission equivalent widths are smaller) 
and more oxygen has been released relative to nitro- 
gen. Van Zee et al. (1997, 1998) do find some galaxies 
with very low log N/O < -1.7. However, these low 
values are suspect and may be subject to systematic 
errors. There are several odd features concerning the 
galaxies with low N/O in the sample of van Zee et 
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al. (1997, 1998). First, they were all observed in the 
same run, the mean value of their log N/O in 9 H 
II regions being -1.84, while that for the rest of the 
sample observed during 4 other runs is -1.52, in good 
agreement with the mean value found for BCGs. Sec- 
ond, the derived extinctions for the low N/O galaxies 
are either zero or systematically lower than that of 
other galaxies observed in different runs. The H II 
region UGC 5764-3 with the lowest log N/O = -2.02 
has a Ha/H/3 intensity ratio of only 2.3 , much lower 
than the theoretical recombination value of 2.7 - 2.8. 
We conclude therefore that there is no strong evidence 
in the quiescent dwarf galaxy data against a scenario 
of primary nitrogen production by high-mass stars in 
the galaxy metallicity range 12 + log O/H < 7.6. 

4.4. Iron 

The Fe/O abundance ratio also provides a very im- 
portant constraint on the chemical evolution history 
of galaxies. TIL95 first discussed the iron abundance 
in BCGs. From their small sample of 7 low-metallicity 
BCGs, they found that oxygen in these galaxies is 
overproduced relative to iron, as compared to the Sun: 
[O/Fc] = log (Fc/O) - log (Fe/O) = 0.34±0.10. This 
value is in very good agreement with the [O/Fe] ob- 
served for Galactic halo stars (Barbuy 1988), imply- 
ing that the origin of iron in low-metallicity BCGs and 
in the Galaxy prior the formation of halo stars is sim- 
ilar, and supporting the scenario of an early chemical 
enrichment of the galactic halo by massive stars. 

We have considerably increased the size of the sam- 
ple of BCGs with iron abundance measurements. In 
Figure 2c we show [O/Fe] vs. 12 + log O/H for a to- 
tal of 38 BCGs. It can be seen that, for all BCGs ex- 
cept one, [O/Fe] is above the solar value, reenforcing 
the conclusion of TIL95. The mean value of [O/Fe] 
for the whole sample is 0.40±0.14 (Table 5). The 
only exception is the BCG SBS 0335-052 which has 
a negative [O/Fe], i.e. oxygen is underabundant with 
respect to iron as compared to the Sun. These odd 
abundances are not the result of observational errors 
as Izotov et al. (1997a) derived a similar result from 
independent MMT observations. The low value of 
[O /Fe] is more probably caused by the contamination 
and hence artificial enhancement of the nebular [Fc 
III] A4658 emission line by the narrow stellar C IV 
A4658 emission line produced in hot stars with stel- 
lar winds. The presence of these stars in SBS 0335- 
052 is demonstrated by the detection of stellar Si IV 
AA1394, 1403 lines with P Cygni profiles (Thuan & 



Izotov 1997). A case in point which supports this 
contamination hypothesis is that of the NW compo- 
nent of I Zw 18. Izotov et al. (1997b) and Legrand et 
al. (1997) have discovered a Wolf-Rayet population 
in this NW component with a significant contribution 
from WC4 stars to the C IV A4658 emission. The 
spectrum by Izotov et al. (1997b) shows that a nar- 
row emission line at A4658 superposed on top of the 
broad C IV A4658 bump produced by the WR stars. 
The use of this narrow emission line to derive Fe abun- 
dance results in an artificially low [O/Fe] ~ -0.4 for 
the NW component of I Zw 18. On the other hand, 
the SE component which does not possess Wolf-Rayet 
stars and hence has a nebular [Fe III] A4658 emission 
line uncontaminated by narrow stellar C IV A4658 
emission, has a normal [O/Fc] ~ 0.3, consistent with 
the value derived by ITL97 and with the mean value 
for the BCGs in our sample. We have plotted in Fig- 
ure 2c the [O /Fe] value for the SE component of I Zw 
18. Another possible explanation for the abnormally 
low [O/Fe] in SBS 0335-052 is the enhancement of 
the [Fe III] lines by supernova shocks. Disregarding 
SBS 0335-052, Figure 2c shows that the O/Fe ratio 
in BCGs is nearly constant, irrespective of the oxygen 
abundance, at a value ~ 2.5 higher than in the solar 
neighborhood. 

4.5. Comparison of observational and theo- 
retical nucleosynthetic yields 

4-5.1. Heavy element enrichment by massive stars 

The remarkable constancy and small scatter of the 
C/O and N/O abundance ratios for the BCGs with 
oxygen abundance 12 + log O/H < 7.6, and the 
similar behavior of the Ne/O, Si/O, S/O, Ar/O and 
[O/Fe] ratios with respect to the O abundance for all 
the BCGs in our sample provide an unique opportu- 
nity to compare the observed yields of massive stars 
with theoretical predictions, and put stringent con- 
straints on nucleosynthetic models of low-metallicity 
massive stars. This comparison has generally been 
made for stars in the Galaxy (Timmes et al. 1995; 
Samland 1998). However, the Galaxy is a complex 
evolved stellar system with the juxtaposition of many 
generations of stars. While its study gives the possi- 
bility to test models for a wide range of metallicities, 
the task is complex because the chemical enrichment 
is made not only by massive but also by intermedi- 
ate and low-mass stars. Additionally, heavy clement 
abundance ratios in the Galaxy may be modified by 
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dynamical effects such as gas infall or outflow. BCGs 
are simple systems by comparison. As in the lowest- 
metallicity BCGs, all heavy elements are made by 
massive stars only, the chemical enrichment of BCGs 
is insensitive to infall or outflow of material, and is 
dependent only on the characteristics of the Initial 
Mass Function (IMF) and stellar yields. 

A first comparison of observed stellar yields by 
massive stars with theoretical calculations has been 
made by TIL95. Since our observational sample is 
much increased and new calculations (WW95) have 
appeared which cover a wider metallicity range (TIL95 
had only solar metallicity models to compare with), 
we revisit the problem here. Table 6 shows the heavy 
element-to-oxygen yield ratios as derived from the 
observed abundance ratios. Since intermediate-mass 
stars contribute significantly to the synthesis of C and 
N in BCGs with 12 + log O/H > 7.6, the observed 
yield ratios M(C)/M(0) and M(N)/M(0) were de- 
rived using BCGs with 12 + log O/H < 7.6, so that 
only the contribution from massive stars is taken into 
account. For the other elements, the derived yields 
are simply the mean value of the abundance ratio for 
the whole sample. As for the theoretical yields given 
in Table 6, they are taken from WW95 and averaged 
over an IMF with a Salpeter slope in the stellar mass 
range 1-100 M Q , for a heavy element mass fraction 
ranging from Z = to Zq. The 2 horizontal solid 
lines in Figures 1 and 2 show, for all elements except 
N and Fe, the range of theoretical yield ratios pre- 
dicted by WW95 as determined by their models with 
metallicities and 0.01 Zq. 

Inspection of Table 6 and Figures 1 and 2 shows 
that the heavy element yield ratios calculated by 
WW95 are generally not too far off from the yield ra- 
tios inferred from the observations. The model which 
fits best the observed Ne/O and Si/O ratios (Figures 
la and lb) has Z — 0. Models with Z > predict a 
Ne abundance too low by a factor of ~ 2, while the 
predicted Si abundance is too high by about the same 
factor. This anticorrelation can be explained by the 
fact that part of the Ne produced is consumed in the 
later stages of hydrostatic burning, synthesizing Si in 
particular. The observed S/O and Ar/O abundance 
ratios (Figures lc and Id) are best fitted by the Z = 
0.01 Zq and Z = 0.1 Zq models which give nearly 
identical yields. The Z = model predicts yields too 
low by a factor of ~ 1.3. As for C/O (Figure 2a), the 
Z = and Z — 0.01 Zq models, where C is produced 
only by massive stars and not by intermediate-mass 



stars, bracket nicely the data for BCGs with 12 + log 
O/H < 7.6. It may seems surprising that the models 
which best fit elements such as Ne and Si have Z = 0, 
considering that the BCGs in our sample all have Z > 
0.02 Zq. However, these heavy element abundances 
characterize the ionized gas, not the stars which can 
have a much lower metallicity. 

Because the most abundant Ne isotope, 20 Ne, is 
synthesized during hydrostatic carbon burning, it is 
not sensitive to uncertainties in explosive nucleosyn- 
thesis models. Si, S and Ar yields in massive stars are, 
on the other hand, sensitive to the treatment of the 
explosion. Additionally, the production of these ele- 
ments is sensitive to a variety of uncertain factors such 
as the rate of the 12 C(a,7) 16 process, the treatment 
of semiconvection, the treatment of convection and 
convective overshoot mixing during the last stages of 
shell oxygen burning, the density structure near the 
iron core, the initial location of the mass cut, and 
the amount of mass that falls back in the explosion 
(WW95). Given all these uncertainties, it is not so 
much the small discrepancies between theoretical and 
observational yield ratios that should be emphasized, 
but the overall good general agreement: it is remark- 
able that the abundance ratios inferred from the stel- 
lar yields by WW95 do not differ from those observed 
in BCGs by large factors, but are invariably in the 
ballpark. 

The calculated N and Fe yields constitute excep- 
tions: they do not agree well with the data. TIL95 
have already discussed the problem of iron, for which 
the theoretical yields are ~ 2 times greater than those 
inferred from the observations. Theoretical calcula- 
tions predict that iron is produced during explosive 
nucleosynthesis by supernovae of both types I and II 
in nearly equal quantities. However, the progenitors 
of SNe II are short-lived massive stars while the pro- 
genitors of SNe la are low-mass stars which explode 
only after 1 Gyr. Therefore, [O/Fe] is a good esti- 
mator of the galaxy's age. The constancy of [O/Fe] 
and its high value in BCGs as compared to the Sun 
(Figure 2e) implies that iron in BCGs was produced 
only by massive stars in type II supernovae. Because 
explosive nucleosynthesis models are sensitively de- 
pendent on the initial conditions of the explosion, the 
observed iron-to-oxygen abundance ratio can serve as 
a good discriminator between different models. TIL95 
found that the models fit best the observations when 
the mass of the central collapsing core in the explosive 
synthesis is <~ 10% larger than the mass of the iron 
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core. Since the mean value of [O/Fe] has not changed 
with the larger sample as compared to that found by 
TIL95, this conclusion still holds with the new data. 

The discrepancy between theory and observation 
is much more important for N. The N yield inferred 
from observations is 1 to more than 2 orders of mag- 
nitude larger than the theoretical yields of models 
with sub-solar mctallicitics (Table 6). This is be- 
cause conventional low-metallicity massive star mod- 
els do not produce primary nitrogen. However, as 
noted by WW95, it is possible that in some mas- 
sive stars, the convective helium shell penetrates into 
the hydrogen layer with the consequent production of 
large amounts of primary nitrogen. In fact, Timmes, 
Woosley & Weaver (1995) have found that the theo- 
retical predictions for primary N production in mas- 
sive stars with a large amount of convective overshoot 
are much more consistent with the observed [N/Fe] 
in low-metallicity halo stars as compared to conven- 
tional models, in which nitrogen is produced only as 
a secondary element, despite the unknown details of 
convective overshoot. 

4-5.2. The role of intermediate-mass stars in heavy 
element production 

While a picture where all heavy elements in BCGs 
with 12 + log O/H < 7.6 are produced in high-mass 
stars (HMS) only is consistent with the observations, 
the additional production of carbon and nitrogen by 
intermediate-mass stars (IMS) needs to be taken into 
account in BCGs with oxygen abundance 12 + log 
O/H > 7.6. 

As already discussed, it is commonly thought that 
primary nitrogen in low-metallicity BCGs is produced 
only by intermediate-mass stars (RV81, WW95). Ad- 
ditionally, some nitrogen is produced as a secondary 
element in both intermediate and high-mass stars. 
However, because production of secondary nitrogen 
drops as metallicity decreases, it is expected that the 
amount of secondary nitrogen is negligible compared 
to that of primary nitrogen in low-metallicity BCGs. 
As for carbon, it is believed to be produced as a pri- 
mary element in all stars more massive than 1.5 M Q 
(RV81, WW95). 

We compare in Table 7 the observed C/O and 
N/O abundance ratios with theoretical predictions, 
taking into account the contributions of both high 
and intermediate-mass stars. As before, all theoreti- 
cal ratios are IMF-averaged values with the Salpeter 



slope of -2.35 and lower and upper mass limits of 1 
and 100 M Q respectively. Theoretical yields for mas- 
sive stars in the mass range 12-40 M Q and with 
a heavy element mass fraction Z = 0.0002 are taken 
from WW95. Since production of primary nitrogen 
by massive stars is not considered by these authors, 
we adopt as the primary N yield by massive stars that 
which is consistent with the observed <log N/0> = 
-1.60 for low-metallicity BCGs (Table 7 and solid hor- 
izontal line in Figure 2b). As for the C and N yields 
for intermediate-mass stars, they are taken from two 
different sets of models. The first set of models is 
from RV81. They are characterized by a stellar mass 
range from 3.5 to 7 M Q , a mass loss efficiency param- 
eter on the asymptotic giant branch n = 0.33, and 
a mixing length parameter a = 1.5. The other set 
of models is from HG97. They are characterized by 
Z = 0.001 and a standard scaling parameter related 
to the efficiency of mass loss on the asymptotic gi- 
ant branch r] — 1. We shall argue in Section 5 that 
the high value of [O/Fe] with respect to the Sun in 
the BCGs studied here implies that they are not older 
than <~ 1 - 2 Gyr. Therefore, we have only considered 
yields from HG97 for stars with a lifetime less than 1 
Gyr, i.e. with mass > 2 Mq. We assume furthermore 
that oxygen is produced by massive stars only. We 
do not give in Table 7 the value of C/O in the case of 
C production by intermediate-mass stars only, as this 
situation is not realistic: C produced by longer-lived 
intermediate-mass stars is always accompanied by C 
produced by shorter-lived massive stars. 

It is evident from Table 7 that there is general good 
agreement between observations and theory for C/O. 
We have already discussed the agreement for low- 
metallicity BCGs with oxygen abundance 12 + log 
O/H < 7.6 where C is produced by massive stars only. 
The agreement is as good for higher-metallicity BCGs 
with 12 + log O/H > 7.6, if C is produced in both 
massive and intermediate-mass stars. We have plot- 
ted in Figure 2a by a horizontal dashed line the the- 
oretical C/O ratio calculated with models by WW95 
for high mass stars and by RV81 for intermediate- 
mass stars. This value should be considered as an 
upper limit as the production of oxygen by massive 
stars in the current burst of star formation lowers the 
observed C/O ratios. The latter should lie between a 
lower limit set by primary C production by massive 
stars alone and whose possible range is shown by the 
two horizontal solid lines in Figure 2a, and that up- 
per limit. The data points for BCGs with 12 + log 
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0/H > 7.6 do indeed scatter between these two lim- 
its as expected. Using the HG97 models would give 
a lower upper limit (by a factor of 1.6), but this is 
still consistent with the data given the observational 
uncertainties. 

The situation for nitrogen is more complex. If ni- 
trogen is produced only by intermediate mass stars 
(and oxygen only by massive stars), then the RV81 
and HG97 models predict respectively log N/O = - 
1.27 and -0.84. While these values are consistent with 
the largest N/O ratios observed for the BCGs in our 
sample with 12 + log O/H > 7.6 (Figure 2b), N pro- 
duction by intermediate-mass stars alone cannot ex- 
plain, as discussed before, the very small dispersion of 
N/O ratios in BCGs with lower metallicities, so we do 
not consider this scenario further. We examine there- 
fore the picture where nitrogen is produced by both 
high and intermediate-mass stars. If nitrogen is pro- 
duced only as a secondary element in massive stars, 
then the predicted log N/O is too small, < -2.37 for 
massive star models with Z < 0.1 Z Q (Table 6). We 
have thus to consider the situation where the nitrogen 
produced in massive stars is primary. In this case, the 
combined (HMS + IMS) nitrogen and oxygen produc- 
tion gives log N/O = -1.11 and -0.77 for the RV81 
and HG97 models respectively. As in the case of the 
C/O ratio, these values should be considered as up- 
per limits. We have shown in Figure 2b by a dashed 
horizontal line the upper limit corresponding to the 
RV81 model. The data are completely consistent with 
the latter model: all the BCGs points fall within the 
dashed line and the lower limit set by primary N pro- 
duction in massive stars only (solid line). It is impor- 
tant to stress here that in this picture, no BCG can 
have a N/O (or C/O) ratio below the value set by 
massive star evolution, as indicated by the solid lines 
in Figure 2a (and 2b). We have already discussed in 
Sections 4.2 and 4.3 that we know of no reliable data 
which contradict that statement. 

In summary, the comparison of observational and 
theoretical yields shows a remarkably good general 
agreement in spite many uncertain parameters in the 
models. With the presently available data, the RV81 
yields appear to give a slightly better fit to the data 
than the HG97 yields, although both sets are con- 
sistent with it within the observational uncertainties. 
It is also clear that further development of massive 
star nucleosynthesis theory is needed, especially con- 
cerning nitrogen and iron productions. Because the 
theoretical yields of some elements are still so uncer- 



tain, we feel it is best to use, in computing chemical 
evolution models, the empirical yields derived from 
observations of low-metallicity BCGs, as summarized 
in Tabic 6. 

4.6. Evolution of the He abundance in BCGs 

The analysis of the behavior of the heavy element 
abundance ratios as a function of oxygen abundance 
has shown that chemical enrichment proceeds differ- 
ently in BCGs with low and high oxygen abundance. 
In BCGs with 12 + log O/H < 7.6, high-mass stars 
are the main agents of chemical enrichment, the very 
small dispersion of the abundance ratios ruling out 
the time-delayed production of carbon and nitrogen 
by intermediate-mass stars. On the other hand, in 
higher metallicity BCGs with 7.6 < 12 + log O/H 
< 8.2, the contribution of intermediate-mass stars 
to heavy element enrichment is significant, as evi- 
denced by an increase in the values and dispersions 
of the C/O and N/O ratios. One might expect there- 
fore that the He enrichment history is also different 
in these two ranges of oxygen abundances, as he- 
lium is produced in different proportions by high and 
intermediate-mass stars. 

In Figure 3 we show the helium mass fraction Y as 
a function of oxygen abundance for the galaxies in our 
sample. All of them possess accurate He abundance 
determination as the present sample is precisely the 
one used by Izotov & Thuan (1998b) to derive the 
primordial helium abundance Y p . It is usual practice 
to extrapolate the Y versus O/H and Y versus N/H 
linear regressions to O/H = N/H = to derive Y p 
(Peimbert & Torres-Peimbert 1974, 1976; Pagel, Ter- 
levich & Melnick 1986). The Y versus O/H regression 
line is decribed by 

The dotted line in Figure 3 represents the best fit 
regression line as derived by Izotov & Thuan (1998b), 
with dY/dZ = 2.4 which corresponds to dY/d(0/H) 
= 45. 

We now compare this best fit slope with the ones 
predicted in various models. In the scenario of ele- 
ment production in high-mass stars only for BCGs 
with 12 + log O/H < 7.6 or O/H < 4xl0~ 5 , the pre- 
dicted slope (WW95) is much shallower, dY/dZ = 
0.94 (Table 7). The solid line in Figure 3 has this slope 
(we adopt Y p = 0.244, Izotov & Thuan 1998b). It can 
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be seen that it fits quite well the lowest-metallicity 
points, and is in fact nearly indistinguishable from 
the best fit line. At higher oxygen abundances, the 
slope steepens because of the additional production of 
helium in intermediate mass stars and takes the val- 
ues dY/dZ = 1.66 and 1.54 for the RV81 and HG97 
yields respectively (Table 7). These values are lower 
than the best fit slope dY/dZ — 2.4±1.0, but are con- 
sistent with it within the errors. The dashed line in 
Figure 3 has the slope derived with the RV81 yields. 
Taking into account the error bars, it fits the obser- 
vations quite well. We shall need to supplement our 
BCG sample with more high-metallicity BCGs to de- 
termine dY/dZ better, and reduce the observational 
uncertainties in the individual He determinations, be- 
fore we can ascertain whether there is any difference 
between the best fit slope and the one derived from 
theory. Given the present data, we conclude that our 
proposed scenario - He production in high-mass stars 
only for galaxies with 12 + log O/H < 7.6, and He pro- 
duction by both high and intermediate-mass stars for 
higher mctallicity galaxies - is in good agreement with 
the observations. If we assume that 25% of the oxy- 
gen produced is lost by the galaxy due to supernova- 
driven winds, then dY jdZ is nearly unchanged at low 
metallicities because both oxygen and helium are pro- 
duced in massive stars. However, when intermediate- 
mass stars play a role in producing He (but not O), 
the slope steepens, becoming 1.89 instead of 1.66. 

The above analysis implies that a slope change may 
be expected for the Y versus O/H linear regression at 
12 + log O/H - 7.6, and that fitting both the low 
and high metallicity ranges by the same slope may 
introduce some systematic underestimation of Y p . If 
this is the case, it is perhaps best to derive Y p not by 
a regression fit, but by taking the mean Y of the most 
metal-deficient galaxies. ITL97 and Izotov & Thuan 
(1998b) did indeed find that the mean Y of the two 
most metal-deficient BCGs known, I Zw 18 and SBS 
0335-052, is higher by 0.001 than the value derived 
from a linear regression fit to the whole sample (<Y> 
= 0.245±0.004 instead of Y p = 0.244±0.002). How- 
ever, as shown in Figure 3, the difference between the 
regression line derived by fitting the data with the 
same slope over the whole metallicity range and that 
expected for He production by massive stars only, is 
small and far below the observational uncertainties. 
We conclude therefore that, given the present quality 
of the data, the method of using a single linear re- 
gression (Eq. 0) with the same dY / dZ slope over the 



whole metallicity range is perfectly adequate for the 
determination of the primordial helium abundance. 

We next examine the behavior of He with respect 
to C in the context of our favored model: He and 
heavy-element production by high-mass stars only in 
BCGs with 12 + log O/H < 7.6, and by both high- 
mass and intermediate-mass stars in higher metal- 
licity BCGs. In Figure 4 we show the dependence 
of the helium mass fraction Y on the carbon abun- 
dance C/H for those BCGs in our sample for which 
both of these quantities are known. Admittedly, the 
total number of such galaxies is very small (only 
4), too small to draw any definite conclusion on 
the slope of the Y - C/H relation. The solid line 
shows the expected relation when He and C are only 
produced by high-mass stars, and the dashed line 
that expected when both high and intermediate-mass 
stars contribute. The theoretical IMF-averaged yields 
are taken from WW95 for high-mass stars and from 
RV81 for intermediate-mass stars. Despite the very 
small number of data points, it can be seen that 
the theoretical predictions agree well with the ob- 
servational data. We give in Table 7 the theoreti- 
cal slopes dY/d(C/H) in both situations (HMS and 
IMS+HMS), for two sets of yields for intermediate- 
mass stars taken from RV81 and HG97. While the 
slopes in the case of HG97 yields are nearly the same 
in both situations, the slope with RV81 yields is shal- 
lower when both high and intermediate-mass stars 
produce He and C than when only high-mass stars 
are responsible for the nucleosynthesis. 

5. CHEMICAL CONSTRAINTS ON THE 
AGE OF BCGs 

Because O, Ne, Si, S and Ar are made in the same 
high-mass stars, their abundance ratios with respect 
to O are constant and not sensitive to the age of the 
galaxy. By contrast, C, N and Fe can be produced by 
both high and lower-mass stars, and their abundance 
ratios with respect to O can give important informa- 
tion on the evolutionary status of BCGs. 

The constancy of [O/Fe] for the BCGs in our sam- 
ple and its high value compared to the Sun (Figure 2c) 
suggests that all iron was produced by massive stars, 
i.e. in SNe II only. Since the time delay between iron 
production from SNe II and SNe la is about 1-2 
Gyr, it is likely that BCGs with oxygen abundance 
less than 12 + log O/H ~ 8.2 are younger than 1-2 
Gyr, assuming that abundances measured in the su- 
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pergiant H II regions are representative for the whole 
galaxy. We cannot put more stringent constraints on 
the star formation history of BCGs with the [O/Fe] 
abundance ratio because intermediate-mass stars do 
not produce oxygen and iron. 

We next use the behavior of the C/O and N/O ra- 
tios as a function of oxygen abundance to constrain 
the age of BCGs. As discussed previously, this behav- 
ior is very different whether the BCG has 12 + log 
O/H smaller or greater than 7.6. The C/O and N/O 
abundance ratios in BCGs with 12 + log O/H < 7.6 
are independent of the oxygen abundance and show a 
very small scatter about the mean value. We have ar- 
gued that this small scatter rules out any time-delay 
model in which O is produced first by massive stars 
and C and N are produced later by intermediate-mass 
stars, and supports a common origin of C, N and O 
in the same first-generation massive stars. Thus, it 
is very likely that the presently observed episode of 
star formation in BCGs with 12 + log O/H < 7.6 is 
the first one in the history of the galaxy and the age 
of the oldest stars in it do not exceed ~ 40 Myr, the 
lifetime of a 9 M@ star. 

The conclusion that BCGs with Z < Zq/ '20 are 
young is supported by the analysis of HST WFPC2 
images of some of these galaxies. Hunter & Thronson 
(1995) have concluded that the blue colors of the un- 
derlying diffuse extended emission in I Zw 18 (Zq/50) 
are consistent with those from a sea of unresolved B 
and early A stars, with no evidence for stars older 
than ~ 10 7 yr. Izotov et al. (1997a) and Thuan, Izo- 
tov & Lipovetsky (1997) have also found in SBS 0335- 
052 (Zq/41), after removal of the gaseous emission, 
an extremely blue extended underlying stellar compo- 
nent with age less than 100 Myr. In the same man- 
ner, SBS 1415+437 {Z Q /21, Thuan, Izotov & Foltz 
1998), T1214-277 and Tol 65 (respectively Z Q /21 and 
Zq/22, Izotov, Thuan & Papaderos 1998) show, after 
subtraction of the gaseous emission, a very blue ex- 
tended emission consistent with an underlying stellar 
population not older than 100 Myr. 

The situation changes for BCGs with Z > Zq/20. 
The scatter of the C/O and N/O ratios increases sig- 
nificantly at a given O abundance, which we interpret 
as due to the additional production of primary N by 
intermediate-mass stars, on top of the primary N pro- 
duction by high-mass stars. Thus, since it takes at 
least 500 Myr (the lifetime of a 2 - 3 M star) for 
C and N to be produced by intermediate-mass stars, 
BCGs with 12 + log O/H > 7.6 must have had several 



episodes of star formation before the present one and 
they must be at least older than ~ 100 Myr. This 
conclusion is in agreement with photometric studies 
of these higher metallicity BCGs which, unlike their 
very low-metallicity counterparts, have a red old in- 
stead of a blue young underlying stellar component 
(Loose & Thuan 1985; Papaderos et al. 1996; Telles 
& Terlevich 1997). 

In summary, the study of heavy element abun- 
dances in BCGs leads us to the following timeline for 
galaxy evolution: a) all objects with 12 + log O/H < 
7.6 began to form stars less than 40 Myr ago; b) after 
40 Myr, all galaxies have evolved so that 12 + log 
O/H > 7.6; c) by the time intermediate-mass stars 
have evolved and released their nucleosynthetic prod- 
ucts (100-500 Myr), all galaxies have become enriched 
to 7.6 < 12 + log O/H < 8.2. The delayed release of 
primary N at these metallicities greatly increase the 
scatter in the N/O abundance ratio; d) later, when 
galaxies get enriched to 12 + log O/H > 8.2, sec- 
ondary N production becomes important. 

6. COMPARISON WITH DAMPED LYMAN- 
a SYSTEMS 

Damped Lya systems are believed to be young disk 
galaxies in their early stages of evolution. They are 
extremely metal-deficient, their heavy element abun- 
dances ranging between Zq/ 300 and Zq/10 (Pettini 
et al. 1994; Wolfe et al. 1994; Lu et al. 1996). The 
large light-gathering power of the 10 m Keck telescope 
has made it possible to study their elemental abun- 
dance ratios (Lu et al. 1996), thus revealing many 
similarities between these ratios and those found in 
BCGs. A direct comparison, however, is not always 
possible. The Ne and Ar emission lines are present in 
the spectra of BCGs, but the absorption lines of the 
same noble elements are absent in the spectra of Lya 
galaxies. On the other hand, the abundances of sev- 
eral elements in the iron-peak group have been mea- 
sured in damped Lya galaxies, but only iron abun- 
dance measurements are available for BCGs. There 
exists only lower limits for the carbon and oxygen 
abundances in damped Lya systems as the O I A 1302 
and C II A 1334 absorption lines are strongly satu- 
rated. In the case of the elements for which a direct 
comparison can be made, Lu et al. (1996) have shown 
that some a-elements such as Si and S are overabun- 
dant with respect to iron as compared to the Sun. 
This is true as well for BCGs (and for halo stars) 



18 



since in these objects, Si and S are normal with re- 
spect to while O is overabundant with respect to Fe, 
by comparison with the Sun. On the other hand, the 
iron-peak clement abundance ratios are nearly solar 
as expected. 

The N/O ratios seem at first glance to constitute 
the major difference. The N/O ratios in damped Lya 
systems appear to be significantly lower than those 
measured in our low-metallicity BCGs. Pettini, Lip- 
man & Hunstead (1995) have found in one damped 
Lya galaxy an upper limit log N/O < -2.12 , -0.52 
dex lower than the mean log N/O = -1.60 for the most 
metal deficient BCGs in our sample, a value which, we 
have argued, is set by primary N production in mas- 
sive stars and constitutes a lower limit to log N/O in 
BCGs. Lu, Sargent & Barlow (1998) have measured 
N/Si abundance ratios in 15 damped Lya galaxies, 
and have set upper limits for log N/O ranging from 
from -1.2 to -2.1. Until now, nearly all log N/O mea- 
surements lower than the BCG lower limit of -1.60 in 
damped Lya systems are upper limits. There is how- 
ever one exception, the 1946+7658 system where Lu 
et al. (1998) did measure an actual value, [N/Si] = 
-1.70 which translates to log N/O = -2.6, or 1.0 dex 
lower than the BCG lower limit. From the N/O and 
N/Si measurements, Pettini et al. (1995) concluded 
that both primary and secondary nitrogen production 
are important over the whole range of mctallicity mea- 
sured in damped Lya systems, while Lu et al. (1998) 
favor the time-delayed primary nitrogen production 
by intermediate-mass stars. 

We find such a large difference between the N/O 
ratios measured in BCGs and those in damped Lya 
galaxies to be very puzzling. If we believe the physics 
of star formation, the stellar IMF and the nucleosyn- 
thesis processes in stars at a given metallicity, to be 
universal and independent of cosmic epoch, then there 
must be some systematic differences in the way in 
which the N/O ratios are derived in damped Lya 
systems as compared to those in BCGs. The deriva- 
tion of N/O ratios in BCGs is straightforward enough. 
The photoionized H II region models arc simple and 
well defined, the nebular emission lines are strong 
and their intensities can be measured with precision. 
There is no hidden assumption in the path from line 
intensities to N and O abundances. On the other 
hand, there is a basic assumption in the derivation of 
N/O in damped Lya systems which we would like to 
discuss. It is generally assumed that absorption lines 
in damped Lya systems originate in the H I clouds in 



the disk of the galaxy. In this case, only low ionization 
species are expected and correction factors for unseen 
stages of ionization are close to unity (Vicgas 1995). 
We suggest here that this basic assumption may not 
be valid. We may expect that in high-redshift gas-rich 
disks there is ongoing star formation giving birth to 
massive stars which ionize the H I gas and create H II 
regions and diffuse ionized gas. There is thus a non- 
zero probability for the line of sight to cross diffuse 
ionized gas which is ubiquitous and has a large cov- 
ering factor in gas-rich galaxies and/or HII regions, 
so that absorption lines would originate not in neu- 
tral but ionized gas. Supporting this hypothesis is the 
fact that many of the spectra of Lu et al. (1996) do 
show absorption lines of high ionization species such 
as Al III, C IV and Si IV, which are usually present 
in ionized gas regions. 

Lu et al. (1996) have dismissed the ionized gas 
hypothesis by the following two arguments. First, 
the absorption profile of the high-ionization species 
Al III is similar to those of lower ionization species, 
and hence both types of species must be produced in 
the same physical region. The latter must be mostly 
neutral because of the large observed H I column den- 
sities. In that case, Al III comes from an ionized shell 
surrounding the H I gas. Second, the Al II lines are 
always much stronger than the Al III lines, so that 
N(A1 II) > AT(A1 III) implying that most of the gas 
where the absorption arises is neutral. The last ar- 
gument is not airtight. Supposing that all absorp- 
tion lines originate not in H I but H II gas, we have 
constructed with the radiative-collisional equilibrium 
code CLOUDY (Ferland 1993) a series of spherically 
symmetric H II region models with the ionization pa- 
rameter log U in the range -0.4 to which is typi- 
cal for HII regions, and ionizing stars with effective 
temperatures between 40 000 and 50 000 K and a 
metallicity of one-tenth solar. For these models, typ- 
ical radially-averaged column densities are N(H II) 
= 10 19 -10 21 cm" 2 and N(A\ II) = 10 12 -10 14 cur 2 . 
The models give invariably N(Al II) > N(Al III) even 
when the hydrogen gas is totally ionized. The profile 
similarities noted by Lu et al. (1996) between Al III 
and Al II can indeed be explained by the formation 
of absorption lines in the same physical region, but 
the latter can be H II rather than H I gas. If the 
gas is ionized, the correction factors for unseen stages 
of ionization are dependent on the parameters of the 
particular H II region model and will be higher than 
for those in a H I cloud. The determination of abun- 
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dances is more uncertain because of the lack of in- 
formation on the column density of ionized hydrogen. 
However, the abundance ratios for some elements will 
not change greatly when the absorption lines are as- 
sumed to originate in the H II instead of the H I gas. 
This is because the abundances of these elements are 
derived from column densities of singly ionized ions, 
e.g. C + , Si + , S + , Fe + . Photoionized H II region mod- 
els (Stasihska 1990) predict for these ions similar cor- 
rection factors, so that their ratios are close to unity 
and the element abundance ratios are roughly equal 
to the singly ionized ion abundance ratios. However, 
the situation changes dramatically when we compare 
abundances of elements derived from column densi- 
ties of ions in different stages of ionization. In those 
cases, the ratio of the ionization correction factors for 
different elements can be very far from unity, and the 
abundance ratios very different from the ion abun- 
dance ratios. Such is the case for the N/Si abun- 
dance ratio. While the silicon column density is de- 
rived from the Si + absorption line equivalent widths, 
the nitrogen column density is derived from the N° 
absorption lines. In the H I cloud model 

N - N " (8) 

The situation is however totally different if the H II 
region model is adopted. In Figure 5 we show the cor- 
rection factors ICF(N/Si) as a function of the fraction 
of + ions x(0 + ) = + /0, for the set of H II region 
models of Stasinska (1990). The correction factors 
ICF(N/Si) arc weakly dependent on x(0 + ) and have 
a lower envelope at a value ~ 10. Hence, for the H II 
region model 

N 
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This factor of <~ 10 is just about the one needed 
to bring the N/O ratio measured in the 1946+7658 
damped Lya system to the mean value of N/O ob- 
tained for low-metallicity BCGs. 

Instead of the N/Si ratio, Pcttini ct al. (1994) 
have measured directly the N/O ratio in the damped 
Lya systems. This method is in principle subject 
to less uncertainties because the abundances of both 
elements in the H II region are derived from col- 
umn densities of neutral species. We have run the 
CLOUDY code for several spherically symmetric H II 
region models, varying the ionization parameter and 
the temperature of the ionizing radiation. These cal- 
culations show that the fractions of neutral nitrogen 



and neutral oxygen in the H II region along the line 
of sight are nearly the same, i.e. 

N _ N° 
O ~ 0°' 

However, the O abundance is not known with good 
precision. The O I A1302 absorption line is saturated 
and the O abundances derived by Pettini et al. (1995) 
by fitting the saturated O I profiles have so large er- 
rors that they span 3 orders of magnitude. Further- 
more, the very method of using saturated absorption 
lines to derive column densities and abundances is 
questionable (Pettini et al. 1995; Pettini & Lipman 
1995; Lu et al. 1998). 

We stress therefore that there is a great uncertainty 
in the derived N/O abundance ratios in damped Lya 
absorption systems. This uncertainty comes in large 
part from our ignorance of the nature of the absorb- 
ing medium, whether it is neutral or ionized gas. If 
the absorbing system is an H II region instead of a H I 
cloud, the derived N/O abundance ratio may increase 
by a factor of 10 or more if the Si + lines are used in- 
stead of neutral oxygen lines, which would bring the 
N/O ratios derived in damped Lya systems in closer 
agreement with those found in low-metallicity BCGs. 
Another large source of uncertainty comes from the 
derivation of abundances from saturated O I A1302 
absorption lines. If in the future, there is evidence 
that the absorption lines do come from a neutral 
medium, and better O determinations in damped Lya 
systems still give a N/O ratio a whole order of mag- 
nitude lower than the value found in low-metallicity 
BCGs, then we would have to conclude that star for- 
mation and metal dispersal histories in damped Lya 
galaxies are very different from those in BCGs. 

7. SUMMARY AND CONCLUSIONS 

The present study is a continuation and extension 
of the one by TIL95 on heavy element abundances 
in very metal-deficient environments, with consider- 
ably more data. We derive here the abundances of N, 
O, No, S, Ar and Fe in a sample of 54 supergiant H 
II regions in 50 low-metallicity blue compact galax- 
ies with oxygen abundance in the range 7.1 < 12 + 
log O/H < 8.3. The objects in this sample all pos- 
sess very high signal-to-noise ratio spectra which have 
been obtained for the determination of the primordial 
helium abundance. This allows us to measure line in- 
tensities with a high precision, and properly correct 
them for interstellar extinction and underlying stellar 
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hydrogen Balmer absorption. In addition, we rede- 
termine the carbon and silicon abundances in some 
BCGs with the use of HST UV and optical archival 
spectra, supplemented in a few cases by ground-based 
optical spectroscopic observations to derive accurate 
electron temperatures. 

We have obtained the following results: 

1. As in TIL95, the a-elements-to-oxygen Ne/O, 
Si/O, S/O and Ar/O abundance ratios show no de- 
pendence on oxygen abundance over the whole range 
of metallicities studied here. Furthermore, these ra- 
tios are about the same as those found in halo stars 
and high-redshift damped Lya galaxies, and they 
have approximately the solar values. This result is 
to be expected from stellar nucleosynthesis theory as 
oxygen and all a-elements are produced by the same 
massive stars. 

2. We rederive the carbon-to-oxygen abundance 
ratio in both NW and SE components of I Zw 18, 
the most metal-deficient galaxy known. Our values 
of log C/O = -0.77±0.10 for the NW component 
and -0.74±0.09 for the SE component are in excel- 
lent agreement with those predicted by the theory 
of massive star nucleosynthesis, but are significantly 
lower (by ~ 0.2 dex) than those derived by Garnett 
et al. (1997). The main source of the differences 
comes from the adopted electron temperatures. We 
use higher electron temperatures (by 1900 K and 2300 
K respectively for the NW and SE components), as 
derived from recent MMT spectral observations (Izo- 
tov et al. 1997b) in apertures which match more 
closely those of the HST FOS observations used to 
obtain C abundances. With these lower C/O ratios, 
I Zw 18 does not stand apart anymore from the other 
low-metallicity BCGs. An earlier lower-mass carbon- 
producing stellar population need not be invoked, and 
I Zw 18 can still be a "primeval" galaxy undergoing 
its first burst of star formation. 

3. The C/O abundance ratio is constant, inde- 
pendent of the O abundance in BCGs with 12 + log 
O/H < 7.6 (Z < Z©/20), with a mean value log C/O 
— -0.78±0.03 and a very small dispersion about the 
mean. This result is based on a small sample of 4 data 
points in 3 galaxies and needs to be strengthened by 
more C/O measurements in extremely metal-deficient 
galaxies. The constancy of the C/O ratio suggests 
that carbon in these galaxies is produced in the same 
stars that make O, i.e. only in massive stars (M > 
9 M Q ). By contrast, the C/O ratio in BCGs with 
higher oxygen abundance (12 + log O/H > 7.6) is 



significantly higher, with a mean value log C/O = 
-0.52±0.08 and a larger dispersion about the mean. 
This enhanced C/O ratio and the larger scatter at a 
given O/H are likely the result of additional carbon 
production by intermediate-mass (3 M Q < M < 9 
Mq) stars, on top of the carbon production by high- 
mass stars. 

4. TIL95 showed that the N/O abundance ratio 
has a very small scatter in BCGs with 12 + log O/H 
< 7.6, with a mean value log N/O = 1.58±0.02. We 
have added here a very low-metallicity object, SBS 
0335-052 with Z Q /41, and the results do not change. 
As discussed by TIL95, such a small dispersion of the 
N/O ratio is not consistent a time-delayed production 
of primary nitrogen by longer-lived intermediate-mass 
stars in these extremely metal-deficient galaxies. The 
small dispersion at very low metallicities can only be 
explained by primary nitrogen production in short- 
lived massive stars. As in the case of C, galaxies with 
12 + log O/H > 7.6 show a considerably larger scat- 
ter of N/O ratios, with a mean value log N/O = - 
1.46±0.14. Again, the larger scatter can be explained 
by the addition of primary nitrogen production in 
intermediate-mass stars, on top of that in massive 
stars. None of our galaxies has log N/O below -1.67, 
implying that the lower envelope of the N/O distri- 
bution is set by the production of primary nitrogen 
in massive stars over the whole range of metallicities 
studied here, 7.1 < 12 + log O/H < 8.2. While a 
detailed scenario of primary nitrogen production by 
massive stars is yet to be developed, the mean log 
N/O obtained here for the most metal-deficient BCGs 
will put strong constraints on any future theory. 

5. The Fe/O abundance ratio in our BCGs is ~ 2.5 
times lower than in the Sun, with a mean [O/Fc] = 
0.40±0.14. Again, it does not show any dependence 
on oxygen abundance, in agreement with TIL95. This 
implies that iron in BCGs was synthesised during the 
explosive nucleosynthesis of SNe II. Only one BCG 
bucks the trend: SBS 0335-052 has a Fe/O abun- 
dance ratio higher than the solar ratio. We argue 
that the high abundance of Fe in this BCG may not 
be real, and may be caused by the contamination of 
the nebular [Fc III] A4658 emission line by the narrow 
stellar C IV A4658 produced in expanding envelopes 
of hot massive stars. 

6. Comparison of theoretical heavy element yields 
for low-metallicity massive stars (WW95) with those 
inferred from observations of BCGs shows that the 
theory of massive star nucleosynthesis is generally 
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in good shape. The major problems are with iron 
and nitrogen yields. The predicted iron-to-oxygen 
yield ratio is a factor of <~ 2 larger than the ob- 
served ratio. Models of primary nitrogen produc- 
tion by intermediate-mass stars cannot reproduce the 
N/O ratios observed in very low-metallicity BCGs, 
and conventional models of low-metallicity massive 
stars do not allow for primary nitrogen production. 
Until further developments of the theory of massive 
star nucleosynthesis resolve these disagreements, it is 
best to use the observed yields given in Table 6 for 
studies of the early chemical evolution of galaxies. 

7. Helium follows the same pattern as carbon and 
nitrogen. The helium abundance is constant within 
the observational uncertainties for BCGs with 12 + 
log O/H < 7.6. Again we interpret this constancy 
by He being produced in high-mass stars only. At 
higher oxygen abundances, the mean and dispersion 
increase, and we again interpret this increase as the 
addition of helium production by intermediate-mass 
stars to that by massive stars. Although the sources 
of helium production appear to be different in low 
and high-metallicity BCGs, implying slightly different 
dependences of the helium mass fraction Y on oxygen 
abundance above and below 12 + log O/H = 7.6, we 
find that the commonly used Y versus O/H linear 
regression over a large range of oxygen abundances 
to determine the primordial helium abundance, is a 
good approximation. 

8. The constancy of the C/O, N/O and [O/Fe] ra- 
tios in BCGs with 12 + log O/H < 7.6 argues strongly 
for the production in the most metal-deficient galax- 
ies, of these elements by massive stars only. Intermediate- 
mass stars have not yet returned their nucleosyn- 
thesis products to the interstellar medium in these 
most metal-poor galaxies because they have not had 
enough time to evolve. This allows us to date these 
galaxies. Galaxies with 12 + log O/H < 7.6 are young, 

in the sense that they have experienced their first 
episode of star formation not more than ~ 40 Myr 
ago, the lifetime of a 9 Mq star. This derived young 
age is in agreement with the results obtained by re- 
cent photometric studies with HST images of some of 
the most metal-deficient galaxies discussed here. 

9. The study of heavy element abundances in 
BCGs leads us to the following timeline for galaxy 
evolution: a) all objects with 12 + log O/H < 7.6 
began to form stars less than 40 Myr ago; b) after 40 
Myr, all galaxies have evolved so that 12 + log O/H 
> 7.6; c) by the time intermediate-mass stars have 



evolved and released their nucleosynthetic products 
(100-500 Myr), all galaxies have become enriched to 
7.6 < 12 + log O/H < 8.2. The delayed release of 
primary N at these mctallicities greatly increase the 
scatter in the N/O abundance ratio; d) later, when 
galaxies get enriched to 12 + log O/H > 8.2, sec- 
ondary N production becomes important. 

10. The N/O abundance ratios derived for BCGs 
are apparently larger by a factor of up to ~ 10 than 
those obtained for high-redshift damped Lya galax- 
ies (Lu et al. 1996). We suggest here that this dis- 
crepancy may not be real. Contrary to the situa- 
tion for BCGs where the N/O ratios are very well 
determined, the N/O ratios derived for damped Lya 
systems are highly uncertain because of the unknown 
physical conditions in the interstellar medium of high- 
redshift systems. It is generally assumed that the ab- 
sorption lines in these systems originate in the H I 
gas. In that case, the ionization correction factors for 
the low-ionization species used for abundance deter- 
mination are close to unity. However, if we assume 
that the absorption lines originate not in neutral but 
ionized gas, the correction factors can be > 10, and 
the derived N/O abundance ratios in the damped Lya 
systems can be as high as those derived in BCGs. 
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Fig. 1. — a-element-to-oxygen Ne/O, Si/O, S/O and 
Ar/O abundance ratios as a function of oxygen abun- 
dance. Except for Si, the galaxy sample shown here is 
the same as the one used by Izotov & Thuan (1998b) 
to derive the primordial helium abundance. Concern- 
ing Si (Figure lb), we have shown by filled circles 
the Si/O abundance ratios reanalyzed here using the 
HST UV and optical data by Garnett et al. (1995b), 
Kobulnicky et al. (1997), Kobulnicky & Skillman 
(1998) and our optical data obtained with the Mul- 
tiple Mirror Telescope. Other data from Garnett et 
al. (1995b), Kobulnicky et al. (1997), Kobulnicky & 
Skillman (1998) are shown by open circles. All points 
with oxygen abundance less than 1 /20 that of the Sun 
are labeled. The solid horizontal lines show the the- 
oretical ratios given by massive star nucleosynthesis 
models by WW95 with metallicities and 0.01 Z Q 
(Table 6). The dashed horizontal line shows the solar 
ratio. 

Fig. 2,— The C/O, N/O and [O/Fc] abundance ra- 
tios as a function of oxygen abundance. Except for 
C, the galaxy sample shown here is the same as the 
one used by Izotov & Thuan (1998b) to derive the 
primordial helium abundance. Concerning C (Figure 
2a) we show by filled circles the C/O abundance ra- 
tios rederived here using the HST UV and optical data 
by Garnett et al. (1995a), Kobulnicky et al. (1997), 
Kobulnicky & Skillman (1998) and our optical data 
obtained with the Multiple Mirror Telescope. Other 
data from Garnett et al. (1995a), Kobulnicky et al. 
(1997), Kobulnicky & Skillman (1998) are shown by 
open circles. Note the very small dispersion of the 
C/O and N/O ratios for BCGs with 12 + log < 7.6 
(the labeled points). For C/O (Figure 2a), the 2 solid 
horizontal lines show abundance ratios predicted by 
theoretical models by WW95 with Z = and Z = 
0.01 Zq, in the case of C production by high-mass 
stars only. The C/O ratio predicted in the case of C 
production by both high and intermediate-mass stars 
is shown by the horizontal dashed line. The stellar 
yields for the latter are from RV81. For N/O (Figure 
2b), the solid line shows the mean observed value for 
high-mass stars, as there is no model for primary N 
production by high-mass stars as yet. The dashed line 
shows the expected N/O when primary N is produced 
by both high and intermediate-mass stars. The stel- 
lar yields for the latter are from RV81. The dotted 
lines in Figures 2a and 2b show the solar ratios. 

Fig. 3. — The helium mass fraction Y versus oxygen 



abundance for BCGs in the sample of Izotov & Thuan 
(1998b). The solid line represents Equation 7 with Y p 
= 0.244 (Izotov & Thuan 1998b) and dF/d(0/H) pre- 
dicted by WW95 models in the case where He is made 
only by high-mass stars. The dashed line represents 
Equation 7 with the expected dV/d(0/H) when He is 
produced by both high and intermediate-mass stars. 
The stellar yields for the latter are from RV81. The 
dotted line is the best fit linear regression line for the 
whole sample obtained by Izotov & Thuan (1998b). 

Fig. 4. — The helium mass fraction Y versus the car- 
bon abundance C/H for 4 BCGs from the Izotov & 
Thuan (1998b) sample. The theoretical dependences 
are shown by the solid line for helium and carbon en- 
richment by high-mass stars (HMS) only and by the 
dashed line when He and C are produced by both 
high and intermediate-mass stars (HMS + IMS). The 
theoretical yields for HMS are IMF-averaged yields 
for massive star models with Z = 10~ 4 Zq (WW95). 
The theoretical yields for intermediate-mass stars are 
IMF-averaged yields from RV81 for the models with 
heavy element mass fraction Z = 0.004 and mixing 
scale parameter a — 1.5. The Salpeter slope -2.35 
and lower and higher mass limits of 1 Mq and 100 
Mq respectively have been adopted for the IMF. 

Fig. 5. — The correction factor ICF(N/Si) as defined 
in Equation 9 versus the ion fraction x(0 + ) = + /0 
as derived from photoionized H II region models by 
Stasihska (1990). 
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Table 1 

Heavy Element to Oxygen Abundance Ratios from Optical Observations 



Object 


12 - 


f log 


O/H 


log N/O 


log Ne/O 


log S/O 


log Ar/O 




[O/Fe] 


Other name 


Ref. 


0112-011 


8. 


31+0 


.04 


-1 


.26+0. 


.10 


-0. 


.79+0. 


.08 


-1 


.60+0. 


.06 


-2 


,25+0 


.05 


0. 


.74+0. 


.18 


UM 311 


1 


0218+003 


7. 


93+0 


.05 


-1 


.08+0. 


12 


-0. 


.74+0. 


.10 








-2 


.07+0 


.06 





.26+0. 


.17 


UM 420 


1 


0248+042 


7. 


83±0 


.01 


-1 


.67+0. 


03 


-0. 


.77+0. 


02 


-1 


.50+0. 


02 


-2 


,20+0 


.02 





.17+0 


02 


Mrk 600 


1 


0335-052 


7. 


29±0 


.01 


-1. 


.58+0. 


03 


-0. 


80+0. 


.03 


-1 


.59+0. 


.04 


-2 


.14+0 


.04 


- 


.11+0 


.06 




1 


0459-043 


8. 


.04+0 


.06 


-1. 


.05+0. 


14 


-0. 


.75+0. 


.12 


-1 


.66+0. 


.12 


-2 


.20+0 


.07 





.47+0. 


17 


Mrk 1089 


1 


0635+756 


8. 


.04+0 


,04 


-1. 


.36+0. 


10 


-0 


.84+0. 


.08 


-1 


.48+0. 


.08 


-2 


.19+0 


.05 


0. 


.14+0. 


.07 


Mrk 5 


1 


0723+692A 


7. 


85+0 


.01 


-1. 


.52+0. 


01 


-0. 


.78+0. 


01 


-1 


.48+0. 


01 


-2 


,22+0 


.01 


0. 


.49+0 


02 


Mrk 71 


2 


0723+692B 


7. 


.81+0 


.02 


-1 


.57+0. 


.04 


-0. 


.77+0. 


.04 


-1 


.48+0. 


.01 


-2 


.19+0 


.02 








Mrk 71 


2 


0741+535 


8. 


01+0 


.04 


-1 


.54+0. 


10 


-0. 


.70+0. 


08 


-1 


.58+0. 


.08 


-2 


.30+0 


.05 





47+0. 


.16 


Mrk 1409 


2 


0749+568 


7. 


85+0 


.05 


-1 


.44+0. 


.11 


-0. 


.72+0. 


09 


-1 


.54+0. 


10 


-2 


.22+0 


.06 










2 


0749+582 


8. 


13+0 


.03 


-1 


.36+0. 


06 


-0 


62+0. 


05 


-1 


.64+0. 


06 


-2 


.36+0 


.04 





41+0 


.13 




2 


0832+699 


7. 


54+0 


.01 


-1. 


.64+0. 


03 


-0 


.74+0. 


.02 


-1 


.57+0. 


.02 


-2 


.25+0 


.02 








UGC 4483 


3 


0907+527 


7. 


97+0 


.03 


-1. 


.58+0. 


07 


-0. 


64+0. 


06 


-1 


.57+0. 


.08 


-2 


.25+0 


.08 










2 


0917+527 


7. 


86+0 


.02 


-1. 


.62+0. 


04 


-0. 


62+0. 


03 


-1 


.62+0. 


,04 


-2 


.37+0 


.02 





.47+0 


10 


Mrk 1416 


2 


0926+606 


7. 


.91+0 


.01 


-1 


.47+0. 


03 


-0. 


.67+0. 


.03 


-1 


.53+0. 


03 


-2 


.35+0 


.05 





.41+0. 


05 




2 


0930+554 


7. 


.18+0 


.01 


-1 


.60+0. 


03 


-0 


.78+0. 


.03 


-1 


.65+0. 


.05 


-2 


.30+0 


.03 


0. 


38+0. 


.12 


I Zw 18 


2 


0940+544N 


7. 


43+0 


.01 


-1 


.61+0. 


03 


-0. 


.72+0. 


03 


-1 


.61+0. 


03 


-2 


,22+0 


.03 





.34+0. 


,04 




2 


0943+561A 


7. 


.74+0 


.06 








-0 


.64+0. 


.12 


-1 


.46+0. 


.15 


-2 


.08+0 


.10 










2 


0946+558 


8. 


00+0 


.01 


-1. 


.51+0. 


02 


-0. 


.69+0. 


.02 


-1 


.49+0. 


.02 


-2 


.34+0 


.02 





.57+0. 


,03 


Mrk 22 


3 


0948+532 


8. 


00+0 


.01 


-1 


.45+0. 


03 


-0. 


.69+0. 


.02 


-1 


.54+0. 


.02 


-2 


.15+0 


.02 


0. 


.33+0. 


,02 




3 


1030+583 


7. 


79+0 


.01 


-1 


.60+0. 


02 


-0. 


.77+0. 


02 


-1 


.46+0. 


02 


-2 


,22+0 


.04 


0. 


.42+0 


07 


Mrk 1434 


2 


1053+064 


7. 


99+0 


.01 


-1. 


.38+0. 


03 


-0. 


.67+0. 


.02 


-1 


.62+0. 


.04 


-2 


.28+0 


.04 





.34+0. 


,07 


Mrk 1271 


1 


1054+365 


7. 


97+0 


.02 


-1. 


.48+0. 


03 


-0. 


.71+0. 


.03 


-1 


.44+0. 


.03 


-2 


.23+0 


.04 








CG 798 


2 


1102+294 


7. 


81+0 


.02 


-1 


.49+0. 


05 


-0. 


.76+0. 


,04 


-1 


.53+0. 


06 


-2 


.17+0 


.03 





.37+0 


11 


Mrk 36 


1 


1102+450 


8. 


12+0 


.03 


-1 


.39+0. 


08 


-0. 


.61+0. 


07 








-2 


.41+0 


.04 





.50+0 


.12 


Mrk 162 


1 


1116+583B 


7. 


68+0 


.05 


-1 


.45+0. 


11 


-0. 


.78+0. 


,09 


-1 


.46+0. 


.14 


-2 


.06+0 


.07 










2 


1124+792 


7. 


69+0 


.01 


-1. 


.53+0. 


03 


-0. 


.81+0. 


03 


-1 


.58+0. 


03 


-2 


.10+0 


.02 








VII Zw 403 


2 


1128+573 


7. 


75+0 


.03 


-1. 


.51+0. 


07 


-0. 


.77+0. 


06 








-2 


.31+0 


.05 










2 


1135+581 


7. 


98+0 


.01 


-1 


.45+0. 


01 


-0. 


64+0. 


.01 


-1 


.60+0. 


01 


-2 


.24+0 


.01 





.44+0 


02 


Mrk 1450 


3 


1139+006 


7. 


99+0 


.04 


-1 


.01+0. 


10 


-0. 


.76+0. 


.08 


-1 


.67+0. 


08 


-2 


.30+0 


.05 





59+0 


17 


UM 448 


1 


1147+153 


8. 


11+0 


.02 


-1 


.45+0. 


05 


-0. 


.74+0. 


04 


-1 


.51+0. 


04 


-2 


.17+0 


.02 





.50+0 


12 


Mrk 750 


1 


1148-020 


7. 


78+0 


.03 


-1 


.50+0. 


06 


-0. 


86+0. 


05 


-1 


.51+0. 


.08 


-2 


.27+0 


.08 








UM 461 


1 


1150-021 


7. 


95+0 


.01 


-1 


.51+0. 


03 


-0. 


.76+0. 


.02 


-1 


.57+0. 


.03 


-2 


.27+0 


.03 





,54+0. 


.07 


UM 462 


1 


1152+579 


7. 


81+0 


.01 


-1. 


.45+0. 


02 


-0. 


.71+0. 


01 


-1 


.57+0. 


01 


-2 


.27+0 


.01 





.28+0 


02 


Mrk 193 


3 


1159+545 


7. 


49+0 


.01 


-1. 


.58+0. 


04 


-0. 


.73+0. 


,04 


-1 


.51+0. 


04 


-2 


.13+0 


.05 


0. 


,14+0, 


05 




1 


1205+557 


7. 


.75+0 


.03 


1 


.50+0. 


.08 


-0. 


.68+0. 


06 


_1 


.61+0. 


.08 


_2 


.35+0 


.05 










2 


1211+540 


7. 


.64+0 


.01 


1 


.59+0. 


02 


-0. 


.75+0. 


,02 


-1 


.48+0. 


.02 


-2 


.39+0 


.02 





47+0, 


02 




3 




7 


yoxu 


.Ul 


1 


.61+0. 


02 


-0. 


.71+0. 


02 


-1 


.56+0. 


02 


-2 


.32+0 


.03 


n 


,41+0 


06 




2 


1223+487 


7. 


77+0 


.01 


-1 


.49+0. 


01 


-0 


.75+0. 


.01 


-1 


.47+0. 


.01 


-2 


.22+0 


.01 





,49+0, 


.03 


Mrk 209 


2 


1249+493 


7. 


.72+0 


.01 


-1. 


.59+0. 


03 


-0. 


68+0. 


.02 


-1 


.66+0. 


.03 


-2 


.40+0 


.02 










3 


1256+351 


7. 


99+0 


.01 


-1 


.52+0. 


01 


-0 


.74+0. 


.01 


-1 


.54+0. 


.01 


-2 


.33+0 


.01 





,50+0, 


.02 


Mrk 59 


2 


1319+579A 


8. 


11+0 


.03 


-1. 


.40+0. 


08 


-0. 


64+0. 


.07 


-1 


.60+0. 


06 


-2 


.41+0 


.04 





.49+0 


12 




2 


1319+579B 


8. 


09+0 


.01 


-1 


.47+0. 


02 


-0. 


.76+0. 


.02 


-1 


.58+0. 


.02 


-2 


.40+0 


.03 





.45+0. 


,04 




2 


1331+493N 


7. 


.77+0 


.01 


-1. 


.55+0. 


02 


-0. 


.71+0. 


02 


-1 


.53+0. 


.02 


-2 


.46+0 


.03 





.34+0. 


03 




3 


1331+493S 


7. 


87+0 


.03 


-1 


.50+0. 


09 


-0. 


66+0. 


07 






















4 


1358+576 


7. 


88+0 


.01 


-1 


.31+0. 


03 


-0. 


.70+0. 


03 


-1 


.61+0. 


,04 


-2 


.35+0 


.06 


0. 


31+0 


05 


Mrk 1486 


2 


1415+437 


7. 


59+0 


.01 


-1. 


.58+0. 


01 


-0 


.73+0. 


.01 


-1 


.59+0. 


,01 


-2 


.29+0 


.01 





.41+0. 


,02 


CG 389 


1 


1420+544 


7. 


75+0 


.01 


-1. 


.56+0. 


02 


-0. 


.75+0. 


01 


-1 


.53+0. 


01 


-2 


.18+0 


.01 








CG 413 


1 


1437+370 


7. 


93+0 


.01 


-1 


.50+0. 


03 


-0. 


69+0. 


02 


-1 


.52+0. 


02 


-2 


.18+0 


.02 


0. 


.42+0 


02 


Mrk 475 


3 


1441+294 


7. 


99+0 


.06 


-1 


.41+0. 


13 


-0. 


.78+0. 


.11 








-2 


,30+0 


.14 








CG 1258 


2 


1533+574A 


7. 


88+0 


.03 


-1 


.43+0. 


08 


-0. 


.68+0. 


.07 


-1 


.55+0. 


,07 


-2 


.20+0 


.04 





.34+0. 


,12 




2 


1533+574B 


8. 


11+0 


.02 


-1 


.54+0. 


05 


-0. 


.71+0. 


,04 


-1 


.62+0. 


,04 


-2 


,29+0 


.06 





.40+0 


.06 




2 


1535+554 


8. 


06+0 


.04 


-1 


.50+0. 


10 


-0. 


69+0. 


08 


-1 


.53+0. 


09 


-2 


.30+0 


.06 








Mrk 487 


2 


2329+286 


8. 


06+0 


.03 


-1 


.39+0. 


07 


-0. 


.71+0. 


,06 


-1 


.65+0. 


,08 


-2 


.33+0 


.04 





.34+0. 


.10 


Mrk 930 


1 



References.— 1 - Izotov & Thuan 1998b; 2 - ITL97; 3 - ITL94; 4 - TIL95. 
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Table 2 

Emission Line Intensities from the MMT spectra 



I Zw 18 NW 



I Zw 18 SE 



SBS 0335-052 



F(X)/F(H(3) /(A)//(H/3) 



F(A)/F(H/3) J(A)//(H/3) 



F(A)/F(H/3) /(A)/7(H/3) 



1883 


+ 1892 Si III] 










0.121±0.010 


0.198±0.020 


1907 


C III] 










0.300±0.015 


0.490±0.025 


3727 


[O II] 


0.153±0.007 


0.158±0.008 


0.497±0.008 


0.489±0.008 


0.171±0.001 


0.183±0.002 


3835 


H9 






0.041±0.004 


0.087±0.011 


0.043±0.001 


0.082±0.002 


3868 


[Ne III] 


0.138±0.007 


0.140±0.008 


0.152±0.005 


0.149±0.005 


0.179±0.001 


0.189±0.002 


3889 


He I + H8 


0.083±0.007 


0.208±0.023 


0.158±0.005 


0.200±0.007 


0.122±0.001 


0.163±0.002 


3968 


[Ne III] + H7 


0.094±0.007 


0.215±0.021 


0.172±0.005 


0.213±0.007 


0.175±0.001 


0.217±0.002 


4101 


R8 


0.177±0.007 


0.284±0.015 


0.231±0.005 


0.267±0.007 


0.203±0.001 


0.242±0.002 


4340 


H 7 


0.383±0.008 


0.467±0.012 


0.450±0.007 


0.474±0.008 


0.418±0.002 


0.453±0.002 


4363 


[O III] 


0.078±0.007 


0.076±0.008 


0.059±0.004 


0.058±0.004 


0.096±0.001 


0.097±0.001 


4471 


He I 


0.012±0.005 


0.011±0.006 


0.034±0.004 


0.033±0.004 


0.031±0.001 


0.033±0.001 


4686 


He II 


0.038±0.006 


0.036±0.006 






0.020±0.001 


0.020±0.001 


4861 


H/3 


1.000±0.012 


1.000±0.014 


1.000±0.011 


1.000±0.012 


1.000±0.004 


1.000±0.004 


4959 


[0 III] 


0.729±0.010 


0.675±0.010 


0.620±0.008 


0.603±0.008 


1.056±0.004 


1.026±0.004 


5007 


[0 III] 


2.173±0.022 


2.003±0.022 


1.850±0.018 


1.799±0.018 


3.163±0.009 


3.061±0.009 


5876 


He I 


0.063±0.004 


0.055±0.004 


0.095±0.003 


0.092±0.003 


0.115±0.001 


0.105±0.001 


6563 


Ha 


3.235±0.030 


2.727±0.030 


2.832±0.026 


2.738±0.028 


3.091±0.009 


2.747±0.009 


6678 


He I 


0.027±0.004 


0.023±0.003 


0.030±0.002 


0.029±0.002 


0.032±0.001 


0.028±0.001 


6717 


[S II] 


0.021±0.004 


0.017±0.003 


0.043±0.003 


0.042±0.003 


0.023±0.001 


0.020±0.001 


6731 


[S II] 


0.017±0.004 


0.014±0.003 


0.029±0.002 


0.028±0.002 


0.022±0.001 


0.019±0.001 


C(H/3) dex 


0.145 


0.015 


0.130 



F(H/3) a 
EW(R(3) A 
EW(sbs) A 



0.29 

34 
2.5 



0.35 
144 
3.9 



1.91 
237 
5.4 



*in units of 10 14 ergs s 'cm 
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Table 3 

Electron Temperatures and Oxygen Abundance Derived from the MMT 

Spectra 



Property I Zw 18 NW I Zw 18 SE SBS 0335-052 



T e (0 III)(K) 


21,500±1,400 


19,500±800 


19,300±100 


T e (0 II) (K) 


16,100± 900 


15,500±600 


15,500±100 


T e (S III)(K) 


19,500±1,100 


17,900±600 


17,700±100 


O+/H+(xl0 5 ) 


0.11 ± 0.02 


0.38 ± 0.04 


0.15 ± 0.01 


O++/H+(xl0 5 ) 


1.00 ± 0.14 


1.09 ± 0.10 


1.90 ± 0.01 


O 3 +/H+(xl0 5 ) 
O/H(xl0 5 ) 


0.05 ± 0.01 




0.04 ± 0.01 


1.17 ± 0.15 


1.48 ± 0.10 


2.09 ± 0.01 


12 + log(0/H) 


7.07 ± 0.05 


7.17 ± 0.06 


7.32 ± 0.01 
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TABLE 4 
Carbon and Silicon Abundances 



Object 


I Zw 18NW 


I Zw 18SE 


0335-052 


1415+437 


UM 469 


NGC 4861 


T1345-420 


N5253HII-1 


N5253UV-1 


N5253HII-2 


F(Si III] 1883 4- 1892) a 


0.32±0.06 b 


0.26±0.06 b 


0.20±0.02 


0.37±0.05 b 




0.64±0.05 




0.11±0.04 


0.12±0.05 


0.12±0.06 b 


F(C III] 1906 + 1909) a 


0.55±0.09 


0.50±0.07 


0.49±0.03 


0.51±0.05 


0.55±0.09 


1.40±0.36 


0.47±0.01 


0.34±0.05 


0.35±0.05 


0.28±0.05 


F([0 III] 5007) a 


2.02±0.08 


2.31±0.04 


3.06±0.01 


3.67±0.02 


4.15±0.07 


6.90±0.09 


5.93±0.08 


4.78±0.05 


4.87±0.05 


4.45±0.05 


12 + log O/H 


7.07±0.05 


7.17±0.06 


7.32±0.01 


7.60±0.01 


7.97±0.05 


8.03±0.02 


8.11±0.05 


8.12±0.05 


8.16±0.12 


8.19±0.06 


T e 


21,500±1,400 


19,500±800 


19,300±100 


16,600±200 


12,800±800 


14,200±400 


12,500±700 


11,780±800 


11,430±1,200 


11,250±850 


C++ /0++ 


0.16±0.05 


0.17±0.08 


0.12±0.02 


0.16±0.03 


0.35±0.14 


0.37±0.12 


0.22±0.07 


0.26±0.11 


0.30±0.17 


0.28±0.12 


S1++/C++ 


0.13±0.03 


0.11±0.03 


0.09±0.02 


0.16±0.02 




0.10±0.03 




0.07±0.03 


0.07±0.03 


0.09±0.03 


ICF(C/0) 


1.06 


1.09 


1.21 


1.05 


1.00 


1.11 


1.11 


1.05 


1.05 


1.05 


ICF(Si/C) 


1.56 


1.56 


1.90 


1.33 




1.43 




1.40 


1.40 


1.40 


log c/o 


-0.77±0.10 


-0.74±0.09 


-0.83±0.08 


-0.78±0.10 


-0.45±0.20 


-0.38±0.16 


-0.61±0.16 


-0.56±0.19 


-0.60±0.27 


-0.53±0.20 


log Si/O 


-1.46±0.22 


-1.48±0.22 


-1.60±0.21 


-1.46±0.20 




-1.24±0.20 




-1.60±0.34 


-1.51±0.48 


-1.46±0.34 



a Emission line flux corrected for extinction, relative to the flux in H/3. 

b The S III] A1892 was not detected. We adopt _F(A1883+1892) = 1.67x_F(A1883) as expected in the low-density limit. 



Table 5 

Mean Heavy Element Abundance Ratios 



Quantity 


Total sample 


Low- met allicity 


High-metallicity 


Sun c 






subsample a 


subsample b 




log C/0 


-0.63±0.14 (10) d 


-0.78±0.03 ( 4) 


-0.52±0.08 ( 6) 


-0.38 


log N/0 


-1.47±0.14 (53) 


-1.60±0.02 ( 6) 


-1.46±0.14 (47) 


-0.88 


log Ne/O 


-0.72±0.06 (54) 


-0.75±0.03 ( 6) 


-0.72±0.06 (48) 


-0.84 


log Si/0 


-1.48±0.11 ( 8) 


-1.50±0.06 ( 4) 


-1.45±0.13 ( 4) 


-1.37 


log S/O 


-1.56±0.06 (49) 


-1.59±0.04 ( 6) 


-1.55±0.06 (43) 


-1.66 


log Ar/O 


-2.26±0.09 (53) 


-2.22±0.07 ( 6) 


-2.27±0.10 (47) 


-2.37 


[O/Fe] 


0.40±0.14 (38) 


0.32±0.11 ( 4) c 


0.42±0.12 (33) 


0.00 



a Galaxies with 12 + log O/H < 7.6. 
b Galaxies with 12 + log O/H > 7.6. 

c Solar abundance ratios are from Anders & Grevesse (1989). 

d The number of H II regions entering in the mean is shown in parentheses. 

e The SBS 0335-052 deviant point is excluded. Its inclusion would have 
given <[0/Fe]> = 0.23±0.20. 
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Table 6 

Heavy Element Yields from Massive Stars 



Quantity 


Observations 








Modcls a 








Z=0 




z=io- 4 z 


z=io-'^z e 


Z=1Q- L 


Z Q 


Z=Z Q 


M(O), M 




3.59E- 


-2 


3.59E-2 


3.78E-2 


3.96E- 


-2 


4.48E-2 


M(C)/M(0) 


1.24E-l b 


1.39E- 


-1 


1.34E-1 


1.22E-1 


1.16E- 


-1 


1.17E-1 


M(N)/M(0) 


2.19E-2 b 


2.64E- 


-4 


4.67E-5 


4.77E-4 


3.77E- 


-3 


3.82E-2 


M(Ne)/M(0) 


2.38E-1 C 


2.48E- 


-1 


1.08E-1 


9.73E-2 


1.11E 


-1 


1.33E-1 


M(Si)/M(0) 


5.79E-2 C 


7.19E- 


-2 


9.98E-2 


1.02E-1 


1.01E 


-1 


1.15E-1 


M(S)/M(0) 


5.51E-2 C 


3.56E- 


-2 


4.69E-2 


4.89E-2 


4.83E- 


-2 


5.41E-2 


M(Ar)/M(0) 


1.23E-2 C 


7.32E- 


-3 


9.54E-3 


1.05E-2 


1.01E- 


2 


1.12E-2 


M(Fe)/M(0) 


5.55E-2 C 


1.31E- 


-1 


9.99E-2 


1.17E-1 


1.18E- 


-1 


9.55E-2 



a IMF-averaged yield ratios. The Salpeter IMF with slope a=-2.35 is adopted. The lower and 
upper mass limits are 1 M and 100 M respectively. The stellar yields are from WW95. 

b Mcan value for the BCGs with 12 + log O/H < 7.6. 

c Mean value for the total sample. 
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Table 7 

Comparison of Observed and Theoretical Abundance Ratios 



Models a 



Observations RV81 HG97 



Quantity 


12 +logO/H<7.6 12 +logO/H>7.6 


IMS HMS 


IMS + HMS 


IMS 


HMS 


IMS + HMS 


iog(c/o) 


-0.78±0.03 


-0.52±0.08 


-0.75 


-0.31 




-0.75 


-0.55 


log(N/0) 


-1.60T0.02 


-1.46±0.14 


-1.27 -1.60 b 


-1.11 


-0.84 


-1.60 b 


-0.77 


dF/d(0/H) 




45±19 


17 


30 




17 


28 


dY/d(C/H) 






129 


83 




129 


133 


dY/dZ 




2.4±1.0 


0.94 


1.66 




0.94 


1.54 



a IMF-averaged abundance ratios. The Salpeter IMF with slope a=-2.35 is adopted. The lower and upper mass limits are 1 
M© and 100 M Q respectively. The yields for the high-mass stars (HMS) with Z=0.0002 are from WW95. The yields for the 
intermediate-mass stars (IMS) are from RV81 for Z=0.004 and a mixing length parameter a— 1.5 and from HG97 for Z=0.001 
and a mass loss efficiency parameter 77=1. In the latter case, stellar masses range from 2 to 7 Mq. 

b Value adopted from the observations. 
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